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Abstract 
 
Reef-building corals form critical ecosystems, which provide a diverse range of 
goods and services. Their success is based on a complex symbiosis between 
cnidarian host, dinoflagellate algae (genus Symbiodinium) and associated 
microorganisms (together termed the holobiont). Under functional conditions 
nutrients are efficiently recycled within the holobiont; however, under conditions of 
thermal stress, this dynamic relationship can dysfunction, resulting in the loss of 
symbionts (bleaching). Mass coral bleaching associated with elevated temperatures 
is a major threat to the long-term persistence of coral reefs. Further study is 
therefore necessary in order to elucidate the cellular and metabolic networks 
associated with function in the symbiosis and to determine change elicited by 
exposure to thermal stress. Metabolomics is the study of small compounds 
(metabolites) in a cell, tissue or whole organism. The metabolome comprises 
thousands of components, which will respond rapidly to change, reflecting a 
combination of genotype, phenotype and the environment. As a result, the study of 
these metabolic networks serves as a sensitive tool for the detection and elucidation 
of cellular responses to abiotic stress in complex systems.  
This thesis presents outputs of gas chromatography-mass spectrometry-based 
metabolite profiling techniques, which have been applied to the study of thermal 
stress and bleaching in the cnidarian-dinoflagellate symbiosis. In Chapter 2 these 
techniques were developed and applied to the model symbiotic cnidarian Aiptasia 
sp., and its homologous symbiont (Symbiodinium ITS 2 type B1), to characterise 
both ambient and thermally-induced metabolite profiles (amino and non-amino 
organic acids) in both partners. Thermal stress, symbiont photodamage and 
associated bleaching, resulted in characteristic modifications to the free metabolite 
pools of both partners. These changes differed between partners and were 
associated with modifications to central metabolism, biosynthesis, catabolism of 
stores and homeostatic responses to thermal and oxidative stress.  
2 
 
In Chapter 3 metabolite profiling techniques (focussing this time on carbohydrate 
pools) were once again applied to the study of thermally-induced changes to the free 
pools of the coral Acropora aspera and its symbionts (dominant Symbiodinium ITS 2 
type C3) at differing stages of symbiont photodamage and thermal stress. 
Additionally, targeted analysis was employed to quantify these changes in terms of 
absolute amounts. Once again exposure to elevated temperatures resulted in 
symbiont photodamage, bleaching and characteristic modifications to the free 
metabolite pools of symbiont and host, which differed between partners and with the 
duration of thermal stress. These changes were associated with increased turnover 
of a number of networks including: energy-generating pathways, antioxidant 
networks, ROS-associated damage and damage signalling, and were also indicative 
of potential alterations to the composition of the associated microbial holobiont. 
Finally in Chapter 4, metabolite profiling techniques optimized in Chapter 2 and 3 
were coupled to 13C labelling in both Aiptasia sp. and A. aspera, in order to further 
investigate the questions raised in these preceding studies. Once again changes 
were observed to central metabolism, biosynthesis and alternative energy-
generation modes in symbiont and host, in both symbioses. Interestingly however, in 
all cases there was continued fixation of carbon, production- and translocation of 
mobile products by the remaining symbionts in hospite. This suggests that even 
during the later stages of bleaching, symbionts are, at least in part, metabolically 
functional in terms of photosynthate provision.   
This study therefore serves as an important first step in developing the application of 
metabolomics-based techniques to the study of thermal stress in the cnidarian-
dinoflagellate symbiosis. The power of these techniques lies in the capacity to 
simultaneously assess rapid and often post-translational change in a highly 
repeatable and quantitative manner. With the use of these methods, this study has 
shown how metabolic, homeostatic and acclimatory networks interact to elicit change 
in each partner of the symbiosis during thermal stress and how these responses vary 
between symbiotic partners. Further understanding of these networks, individual 
sensitivities- and enhanced resistance to thermal stress are essential if we are to 
better understand the capacity of coral reefs to acclimate and persist in the face of 
climate change.   
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Chapter 1 General introduction  
1.1 Global scale goods and services of coral reefs 
 
A coral reef system, the Great Barrier Reef, is the single living structure visible from 
outer space, however the value of coral reefs lies not only in the scale of the habitats 
that they create, but also in the variety of species that these ancient systems foster. 
Reef-building (hermatypic) corals can typically be found within coastal tropical 
latitudes between 25°S and 25°N, in areas of low nutrients, turbidity and suitable 
water biochemistry, which enable reef structures to accrete (Johannes et al., 1983; 
Hoegh-Guldberg, 1999) (Fig. 1.1). Coral reef systems are both highly efficient and 
incredibly diverse, likened to those of terrestrial rainforests for the sheer abundance 
and range of species that they support (Connell, 1978; Crossland et al., 1991). 
These species extend to the surrounding low-lying, coastal communities, for which in 
many developing countries, coral reef habitats provide a valuable source of protein, 
income and coastal protection (Moberg and Folke, 1999; De Groot et al., 2002) (Fig. 
1.2). These ancient habitats also offer significant opportunities for bio-prospecting 
and the development of pharmaceuticals, in addition to their inherent social and 
cultural worth (Spurgeon, 1992; Moberg and Folke, 1999).  
 
Fig. 1.1: The global distribution of tropical coral reefs.  Source: ReefBase 
http://www.reefbase.org 
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1.2 The coral symbiosis 
 
Hermatypic corals comprise the stony corals of the order Scleractinia (phylum 
Cnidaria). These corals secrete calcareous skeletons, which form the basis of coral 
reef systems, however a diverse range of taxa are important in a reef’s resistance to 
stress and long-term successful persistence (Hughes et al., 2003; Nyström et al., 
2008; Hughes et al., 2010). These range from tiny calcareous algae, which help 
cement the reef structure preventing erosion, to grazing fish species, which are 
important for controlling excessive growth of fleshy algal species that can 
outcompete corals (Hughes, 1994; Mumby et al., 2006). However, central to the 
success of hermatypic corals is the mutually beneficial relationship of the cnidarian 
host with dinoflagellate symbionts, of the genus Symbiodinium (Muscatine and Hand, 
1958; Muscatine and Cernichiari, 1969; Yellowlees et al., 2008).  
 
 
Fig. 1.2: An aerial view of the island of Bora Bora, French Polynesia, 
exemplifying a spectacular barrier reef system.  Image courtesy of A. 
Bruckner/Khaled bin Sultan Living Oceans Foundation.  
 
Symbiosis in its most basic sense is the living together of two species (De Bary, 
1879). This relationship exists on a continuum of benefit and complexity, from 
opportunistic parasitism (where one partner gains at the expense of the other), to 
obligate mutualism (where both partners benefit in some form and symbiosis is 
necessary for persistence), and often these relationships are both ancient and highly 
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specific (Herre et al., 1999). The basis of successful mutualism lies not only in the 
exchange of goods at a net benefit to each partner, but also in the capacity of at 
least one partner to acquire novel capabilities, for instance the fixation of nitrogen in 
legumes (Doebeli and Knowlton, 1998; Herre et al., 1999). As a result of their 
benefits, mutualistic symbioses between photosynthetic algal symbionts and 
invertebrate hosts are widespread in both marine and freshwater environments 
(Trench, 1993; Venn et al., 2008). In benthic marine taxa, Symbiodinium-invertebrate 
associations predominate, which in addition to cnidarians, include representatives of 
species of sponge, bivalve, gastropod and flatworm (Trench, 1993; Venn et al., 
2008). In addition to their primary dinoflagellate symbionts, each host will also form 
associations with a diverse and specific array of microorganisms, together forming 
the so-called ‘holobiont’ (Rohwer et al., 2002; Thompson et al., 2015).  
1.2.1 The cnidarian host  
As cnidarians, reef-building corals have a relatively simple body plan; each individual 
(polyp) consists of a central body cavity (coelenteron) and oral disc, which is 
surrounded by a ring of tentacles (Fig.1.3) (Veron, 2000). The body wall comprises 
two cell layers, the outer epidermis and the inner gastrodermis; these tissues are 
separated by an acellular layer called the mesogloea.  Each individual polyp is 
located within an enclosed area of skeleton (corallite); these corallite structures and 
indeed the polyps they house vary greatly in size and shape according to species 
(Porter, 1976). Species range from solitary to colonial, and are capable of 
reproducing both sexually and asexually (Richmond and Hunter, 1990; Harrison, 
2011). Individuals may reproduce through asexual division and fragmentation, or 
sexually, either via broadcast spawning, or brooding their larvae (Fadlallah, 1983; 
Richmond and Hunter, 1990; Hall and Hughes, 1996). Colony growth form is also 
highly plastic, and morphology may vary according both to species and 
environmental variables, such as depth, turbidity and wave exposure (Goreau, 1959; 
Chappell, 1980).  
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Fig. 1.3: Cross-section of a coral polyp.  Image by Emily M. Eng, 
www.emilymeng.com. Reproduced with permission of the artist.  
 
1.2.2 The dinoflagellate symbiont  
The Symbiodinium are an ancient and highly genetically diverse genus of 
dinoflagellates (LaJeunesse, 2001; Coffroth and Santos, 2005). Currently, there are 
nine described clades (A-I), each containing multiple sub-clades (‘types’), which are 
equivalent to species in their genetic variation (Coffroth and Santos, 2005; Pochon et 
al., 2006; Pochon and Gates, 2010). Each type differs somewhat in physiology and 
ecological range, with varying environmental optima and geographic distributions 
(LaJeunesse, 2001; Baker, 2003). Key morphological and physiological differences 
include the structure of cell membranes (Tchernov et al., 2004; Díaz-Almeyda et al., 
2011), antioxidant capacity (Krueger et al., 2014), modes of carbon concentration 
(Brading et al., 2013), free metabolite pools (Klueter et al., 2015), photophysiology 
and photoprotective mechanisms (Iglesias-Prieto et al., 1991; Hill et al., 2012; 
Suggett et al., 2015). 
In symbiosis, the dinoflagellate algae are encapsulated within a host-derived 
membrane (symbiosome), located within the gastrodermal cells of each polyp 
(Wakefield and Kempf, 2001) (Fig. 1.4).  In hospite, Symbiodinium are in a 
vegetative state, with major cellular structures including a cellulose cell wall, typical 
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eukaryotic organelles (nucleus and mitochondria), a lobed chloroplast with an 
associated pyrenoid and storage compartments, such as starch granules, and lipid 
bodies (Freudenthal, 1962; Trench, 1971; Schoenberg and Trench, 1980) (Fig. 1.5). 
When in hospite, the symbiont cells typically divide mitotically, forming daughter cells, 
which are subsequently encapsulated in their own symbiosomes (Trench, 1993).  
 
Fig. 1.4: Simplified schematic showing the cnidarian tissue structure.  From the 
upper epidermis which is exposed to the surrounding seawater, to the acellular 
mesogloea, to the gastrodermal cells which enclose the symbiont cell. The 
gastrodermis lines the coelenteron space or gastrovascular cavity. N.B. not to scale.  
 
1.2.3 The holobiont 
Reef-building corals exhibit differing scales of specificity and flexibility in the 
partnerships that they form with Symbiodinium clades and types, and vice versa 
(Baker, 2003; LaJeunesse et al., 2010; Silverstein et al., 2012). Typically however, 
cnidarian-dinoflagellate symbioses are dominated by Symbiodinium spp. in clades 
A–D, with the capacity for association with multiple different types concurrently 
(Baker, 2003; Silverstein et al., 2012). However, clones of a single Symbiodinium 
type, specific to a host species and location, dominate and, excluding environmental 
perturbation (see below), community composition is typically highly stable over time 
(Thornhill et al., 2009; Pettay et al., 2011; Arif et al., 2014).  
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Fig. 1.5: Transmission electron micrograph of Symbiodinium cells in hospite in 
the sea anemone Aiptasia sp. showing major organelles and structures.  
Chloroplast (Ch), nucleus (N), pyrenoid (Py), starch (St), accumulation body (A), 
symbiosome membrane (S) and host tissue (H). Micrograph courtesy of Ashley 
Sproles.  
 
Symbiotic dinoflagellates are originally acquired via one of two modes of 
transmission, largely based on reproductive mode of the parent: vertical in species 
that brood their larvae, or horizontal in spawning species (Richmond and Hunter, 
1990; Baird et al., 2009b). In vertical transmission, symbionts are passed from 
parent to offspring, via either egg, or brooded larvae (Weis et al., 2001; Thornhill et 
al., 2006). In horizontal transmission, there is direct uptake, establishment and 
maintenance of suitable Symbiodinium cells from the environment by fertilised larvae 
and juvenile corals (Little et al., 2004; Gómez-Cabrera et al., 2008; Harii et al., 2009). 
In some cases however, there may be opportunity for brooding species to also 
acquire novel types from horizontal transmission (Byler et al., 2013). 
Typical symbiont density per host cell averages 1-2 cells (Muscatine et al., 1998), 
with symbiont population size thought to be actively controlled by the host via 
mechanisms such as nutrient limitation and the breakdown and expulsion of excess 
algal cells (Falkowski et al., 1993; Baghdasarian and Muscatine, 2000; Dunn et al., 
2002). However, environmental drivers, such as light and thermal stress, or external 
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stressors may drastically alter the typical balance of both symbiont composition and 
density (Hoegh-Guldberg and Smith, 1989; Coffroth and Santos, 2005; LaJeunesse 
et al., 2015) (Section 1.4).  
The most common and widespread associations in the Pacific are those dominated 
by the diverse group of clade C Symbiodinium (Baker, 2003; LaJeunesse et al., 
2004). Populations in the Caribbean associate more commonly with Symbiodinium in 
clades A, B and C (LaJeunesse et al., 2003). However, other less abundant types 
(such as members of clade D) may fulfil important ecological niches, such as 
increasing bleaching thresholds under elevated temperatures (Coffroth and Santos, 
2005; Berkelmans and van Oppen, 2006) (Section 1.4). However, the functional 
significance of these alternative types and the capacity for natural switching between 
types remains the subject of some debate (Loram et al., 2007; Cantin et al., 2009; 
Jones and Berkelmans, 2011; Stat and Gates, 2011; LaJeunesse et al., 2015).  
In addition to Symbiodinium, each coral will host a specific consortium of 
microorganisms, forming a coral holobiont (Forest et al., 2002; Rosenberg et al., 
2007). These microbiota include bacteria, archaea, fungi, viruses, protists and other 
algae, which are thought to function in preventing pathogenic infection, the recycling 
of nutrients and in coral development (Rosenberg et al., 2007).  
 
1.3 Metabolic function  
1.3.1 Host-supplied inorganic nutrients 
The success of the cnidarian-dinoflagellate symbiosis is based upon the bi-
directional exchange of nutrients between symbiont and host (Muscatine and Hand, 
1958; Muscatine and Porter, 1977; Yellowlees et al., 2008). These nutrients are 
sourced from a highly effective combination of symbiont autotrophy and host 
heterotrophy. In the first instance, as symbionts are encapsulated within the 
symbiosome without free access to the surrounding seawater, dissolved inorganic 
nutrients must be supplied to the algal cells in order to fuel carbon fixation, nitrogen 
assimilation and symbiont growth (Miller and Yellowlees, 1989). As such, necessary 
translocated compounds from host to symbiont include dissolved inorganic carbon 
(DIC), dissolved inorganic nitrogen (DIN), phosphorus and other inorganic nutrients 
(Miller and Yellowlees, 1989; Yellowlees et al., 2008).  
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Carbon is fixed in the dinoflagellate via the C3 pathway of the Calvin cycle, during 
which the chloroplast-associated enzyme ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) catalyses the conversion of ribulose-1,5-
bisphosphate (RuBP) to two molecules of 3-phosphoglycerate (3PGA) (Streamer et 
al., 1993). 3PGA is then converted into metabolic intermediates such as hexose 
phosphates, aspartate, malate and glucose (Streamer et al., 1993). Unusually, the 
Symbiodinium possess an alternate type (type II) of Rubisco, which has a relatively 
low specificity for CO2 versus O2 (Rowan et al., 1996). Therefore, under aerobic and 
oxygenic conditions, in order for the dinoflagellate to effectively fix carbon, Rubisco 
must be surrounded with a high concentration of CO2. Under typical conditions (pH 
8.2), DIC is present in seawater predominantly as bicarbonate (HCO3-) ions (ca. 2.1 
mM), with the availability of aqueous CO2 being relatively low in contrast (12 μM) 
(Allemand et al., 1998; Brading et al., 2013). However, as charged ions, the more 
abundant bicarbonate cannot freely permeate cell membranes, necessitating cellular 
mechanisms in both symbiont and host to concentrate both CO2 and bicarbonate via 
carbon concentrating mechanisms (CCMs) (Allemand et al., 1998). These CCMs 
include bicarbonate transporters, membrane-bound proton (H+) pumps and the 
enzyme carbonic anhydrase, which catalyses the inter-conversion of bicarbonate to 
CO2 (Yellowlees et al., 1993; Leggat et al., 1999; Bertucci et al., 2010; Brading et al., 
2013).  
In contrast to DIC, under typical conditions in the oligotrophic waters which surround 
coral reefs, levels of DIN and phosphorus are low (<1 μM), however in order to fuel 
effective symbiont cell function and growth, both elements must be supplied to the 
dinoflagellate (Miller and Yellowlees, 1989; Smith and Muscatine, 1999). DIN in 
seawater is predominantly available as both ammonium (NH4+) and nitrate (NO3-) 
ions. In the case of nitrate, the ion must first be reduced by the enzyme nitrate 
reductase, a process which requires reduced ferredoxins (Fd) from the 
photosynthetic transport chain, or NAD(P)H (in non-photosynthetic organisms) 
(Dagenais-Bellefeuille and Morse, 2013). NH4+ may be directly assimilated via the 
glutamine synthetase/glutamine:2-oxoglutarate aminotransferase (GS/GOGAT) cycle 
(Miller and Yellowlees, 1989; Pernice et al., 2012). In this cycle, NH4+ is added to 
glutamine (Gln) to produce glutamate (Glu), consuming ATP; Glu is then reduced 
back to Gln with either reduced-Fd, or NAD(P)H (Dagenais-Bellefeuille and Morse, 
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2013). The capacity to assimilate nitrogen in this way is present in both symbiont and 
the host, however the process is much more rapid in the dinoflagellate (Swanson 
and Hoegh-Guldberg, 1998; Pernice et al., 2012). Ammonia (NH3) is also produced 
by the host in relative abundance as a bi-product of heterotrophic metabolism, 
however the mechanisms controlling the movement of NH4+ ions from host to 
symbiont are not yet entirely resolved (Wang and Douglas, 1999; Pernice et al., 
2012). Evidence suggests that NH4+ is recycled in the symbiosis, as heterotrophic 
feeding of the host reduces the requirement for symbiont-derived assimilation of the 
ion from the surrounding water (Falkowski et al., 1993; Grover et al., 2002; Davy et 
al., 2006). The host may also actively maintain a concentration gradient surrounding 
the symbiosome, in order to facilitate passive diffusion of NH4+ to the symbiont 
(D'Elia et al., 1983; Miller and Yellowlees, 1989; Wang and Douglas, 1998; Pernice 
et al., 2012). The presence of potential active NH4+ transporters has also been 
detected in the dinoflagellate (Leggat et al., 2007).  
Organic phosphorus may be taken up by host heterotrophy, whereas inorganic 
phosphate is thought to be concentrated and transported from surrounding seawater 
by carrier-mediated active transport in the cnidarian host, with active uptake from 
host to symbiont also mediated by a similar carrier (Godinot et al., 2009; Godinot et 
al., 2011). As both nitrogen and phosphorus are essential for symbiont growth and 
division, and given that Symbiodinium cells in hospite typically have slower rates of 
growth and division relative to when they are under optimal conditions in vitro (Miller 
and Yellowlees, 1989; Muscatine et al., 1989; Smith and Muscatine, 1999; Davy et 
al., 2012), the host may manipulate the supply of these elements to maintain optimal 
rates of mobile product translocation (see below) and control symbiont proliferation 
(Cook et al., 1988; Falkowski et al., 1993; Smith and Muscatine, 1999; Kopp et al., 
2013; Jiang et al., 2014). In addition, ambient levels of DIN and DIP may also play 
an important role in both calcification and photosynthetic rate and maintaining cell 
density during exposure to thermal stress (Ezzat et al., 2016).  
1.3.2 Symbiont-derived carbon-rich photosynthate  
Following the fixation of inorganic carbon via the Calvin cycle in the dinoflagellate 
symbiont (as discussed above) and the production of organic carbon-rich products, 
these compounds will have a number of fates: they may then either be metabolised 
by the algae, stored, or translocated to the host (Streamer et al., 1993) (Fig. 1.6). 
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Under functional conditions, however, this translocation is thought to comprise over 
40% (and potentially more than 90%) of the algal-derived photosynthetic products, 
exceeding the normal metabolic needs of the host (Muscatine and Cernichiari, 1969; 
Muscatine et al., 1984; Tremblay et al., 2014). Symbiont-derived carbon-rich mobile 
products are then directly metabolised by the host in respiratory pathways, whereas 
nitrogen-rich products are used in biosynthesis pathways, such as calcification, 
growth and reproduction (Tanaka et al., 2006; Bachar et al., 2007; Kopp et al., 2015).  
A range of mechanisms have been suggested that may allow the host to control this 
high rate of transfer from the symbiont: 1) As the host is thought to maintain the 
symbiont in a state of nitrogen and phosphorus limitation, high C:N:P ratios will lead 
to arrested symbiont growth and cell division. This leads to the accumulation of 
carbon rich energy stores (such as lipid bodies), and this excess carbon may in turn 
then be made available to the host (Wang and Douglas, 1998; Smith and Muscatine, 
1999; Jiang et al., 2014); 2) The host maintains an acidic environment around the 
symbiosome membrane via a proton pump (H+ ATPase), that leads to enhanced 
production of CO2 and correspondingly increased photosynthesis and translocation 
of mobile products (Barott et al., 2015), aided via mechanisms such as membrane-
bound active transporters, including ABC transporters (Peng et al., 2010; Barott et al., 
2015); 3) A chemical(s) (‘host release factor’; HRF) is produced by the host that 
stimulates photosynthate release (Trench, 1971; Sutton and Hoegh-Guldberg, 1990; 
Gates et al., 1995; Grant et al., 1997; Withers et al., 1998). Muscatine (1967) 
discovered that by incubating freshly isolated symbionts (FIS) with host homogenate, 
the subsequent release of photosynthate into the incubation media was increased. 
Studies later proposed that a number of host-derived compounds including amino 
acids were responsible for eliciting this response in the algae (Sutton and Hoegh-
Guldberg, 1990; Gates et al., 1995; Wang and Douglas, 1997; Cook and Davy, 
2001), however no such response was detected in a subsequent study (Withers et 
al., 1998). It should also be noted that studies investigating the presence and role of 
HRF in the symbiosis were carried in vitro (rather than in hospite) and primarily 
detected glycerol as the major released compound (this is discussed in more detail 
below). The mechanisms that primarily control photosynthate release therefore 
remain to be entirely resolved. 
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Fig. 1.6: Simplified schematic of the principal modes of carbon fixation and 
nitrogen assimilation in the functional cnidarian-dinoflagellate symbiosis 
under photosynthesising conditions.  Inorganic carbon (in the form of bicarbonate 
ions, HCO3-) is concentrated via carbon concentrating mechanisms (principally the 
enzyme carbonic anhydrase) and transported to the symbiont, where it is fixed from 
CO2 in the Calvin cycle, eventually producing carbon-rich products (carbohydrates, 
fatty acids and lipids). These carbon-rich products may either be used in symbiont 
respiration or incorporation, or translocated to the host. Carbon backbones and 
reduced ferredoxins produced during the turnover of photosynthesis are then used in 
nitrogen assimilation. Nitrogen assimilation in the symbiont occurs predominantly 
from ammonium (NH4+) and to a lesser extent nitrate (NO3-) via the glutamine 
synthetase/glutamine:2-oxoglutarate aminotransferase (GS/GOGAT) cycle. In turn, 
nitrogen assimilation will produce nitrogen-rich mobile products (amino acids and 
proteins) which are translocated to the host.  
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1.3.3 Mobile compounds  
Both the quantity and composition of symbiont-derived mobile products have been  
subjects of interest since Muscatine and Hand (1958) provided the first proof that 
dinoflagellate symbionts in hospite under photosynthesising conditions, fix carbon 
and translocate organic products to the cnidarian host. von Holt and von Holt (1968) 
provided further insight into the rates of translocation and the composition of labelled 
fractions; following in hospite incubations under photosynthesising and non-
photosynthesising conditions within a number of cnidarian-dinoflagellate symbioses, 
the authors detected up to one third of total photosynthate present in the host after 3 
hours. The major labelled fractions in the host varied according to species, however 
label was detected in lipid, amino acid and polar fractions. Subsequent studies also 
found significant light-enhanced lipogenesis in the symbiosis, coupled to 
accumulations of labelled lipids (fatty acids, wax ester and triglyceride) in host 
tissues, and translocation of lipid droplets as mobile compounds was suggested 
(Patton et al., 1977; Kellogg and Patton, 1983). These lipid droplets were comprised 
primarily of wax esters (ca. 83%), with triacylglycerol, diacylglycerol ethers, free fatty 
acids, free sterols and phospholipids (Kellogg and Patton, 1983).  
However, owing to the complexity of the endosymbiosis, neither absolute quantities 
nor identities of the in hospite mobile products have been entirely resolved 
(Yellowlees et al., 2008; Davy et al., 2012). Early studies typically tackled the issue 
with the use of FIS from a number of cnidarian-dinoflagellate symbioses. FIS were 
incubated with radiotracers, principally 14C-bicarbonate under photosynthesising and 
non-photosynthesising conditions, with and without the addition of host homogenate 
(Muscatine, 1967; Muscatine and Cernichiari, 1969; Trench, 1971). Label was 
subsequently detected in released organic products within the incubation medium 
and these compounds were postulated as the major products translocated to the 
host. These early studies identified large pools of glycerol which was released into 
the incubation medium and contributed up to 95% of the labelled products detected 
(Muscatine, 1967; Muscatine and Cernichiari, 1969; Trench, 1971). Other labelled 
products, albeit in much smaller proportions, included alanine, glucose, fumaric acid, 
succinic acid, glycolic acid, lipids and two other unidentified organic acids (Muscatine, 
1967; Muscatine and Cernichiari, 1969; Trench, 1971).  Interestingly however, both 
Muscatine and Cernichiari (1969) and Trench (1971) detected glucose as the major 
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labelled product in the intracellular pools of the dinoflagellate. Further to this an in 
hospite labelling study by Schmitz and Kremer (1977) also detected glucose as the 
major labelled product in the intact symbiosis of symbiont and host extract. Glucose 
comprised between 7-33% of the labelled fraction of symbiont intracellular pools 
(Muscatine and Cernichiari, 1969; Trench, 1971). Additional labelling was detected in 
a number of carbohydrates, amino acids and intermediates, including sugar 
phosphates, mannose, aspartate, glycine, serine, alanine, glycerol, glutamic acid, 
glycolipids and TCA cycle intermediates (Muscatine and Cernichiari, 1969; Trench, 
1971; Schmitz and Kremer, 1977).  
These early studies provided valuable insight into the relative nutritional importance 
of the algal symbionts, identifying a number of key candidate mobile compounds, 
however a major limitation (with the exception of Schmitz and Kremer, 1977) was the 
use of viable (i.e. non-metabolically quenched) FIS incubated in seawater (Ishikura 
et al., 1999). Upon removal from the host and re-suspension in vitro, the algae 
experience considerable changes in environmental conditions from those in hospite, 
especially with respect to osmotic pressure (Ishikura et al., 1999). Acclimation to 
osmotic stress in the live algae inevitably involves the production of compatible 
solutes in large quantities, which are in turn released into incubation media; a major 
such solute in the dinoflagellate is glycerol (Mayfield and Gates, 2007; Suescún-
Bolívar et al., 2012). Given that this compound also forms a minimal portion of the 
dinoflagellate intracellular pool under typical conditions in hospite, the role of glycerol 
as a mobile product in the symbiosis is likely to have been overstated in these early 
studies (Ishikura et al., 1999; Burriesci et al., 2012).  
More recent studies in hospite have also aimed to identify candidate carbon-rich 
mobile products translocated from symbiont to host in a range of cnidarian-
dinoflagellate symbioses (Whitehead and Douglas, 2003; Burriesci et al., 2012). In 
an elegant study, Whitehead and Douglas (2003) labelled exogenously supplied 
substrates which were provided to the anemone Anemonia viridis under non-
photosynthesising conditions. Where host metabolism of these substrates matched 
that of control individuals incubated under photosynthesising conditions, they were 
considered ‘mobile compounds’, concluding that glucose and the organic acids 
succinate and/or fumarate (or metabolically allied compounds) function in this role in 
the symbiosis. Complementary to these conclusions was a study by Burriesci et al. 
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(2012), which following in hospite incubations with the stable isotope 13C,  detected 
rapid labelling of glucose in host pools in the anemone Aiptasia sp.. It was concluded 
by the authors that glucose is therefore likely to be the major translocated product in 
the cnidarian-dinoflagellate symbiosis. Other labelled products identified in this study, 
and corresponding detection times following incubation with the tracer, are 
summarised in Table 1.1. 
Table 1.1 Labelled compounds and their time of detection in the host under 
photosynthesising conditions in the anemone Aiptasia sp.  (adapted from 
Burriesci et al., 2012). 
Metabolite  Time detected  
Glucose 2 min 
Succinate  1 h 
Threonine 1 h 
Glutamine 1 h 
Mannose 1 h 
Inositol type 1 1 h 
Inositol type 2  1 h 
Glycerol  24 h  
Glutamic acid  24 h 
Pentaric acid  24 h 
Glycine 1 week 
Beta-Alanine 1 week  
  
Given that corals comprise of a high percentage of lipids (ca. 34% dry weight), 
further work (Papina et al., 2003; Dunn et al., 2012; Imbs et al., 2014; Kopp et al., 
2015) has aimed to build on the work of Patton et al. (1977) and Kellogg and Patton 
(1983) to establish in more detail what role lipids play in the symbiosis. Papina et al. 
(2003) detected high proportions of polyunsaturated fatty acids (PUFAs) from the 
extracts of both dinoflagellate symbiont and coral host, with a number of fatty acids 
considered specific to the dinoflagellates (namely C18:4n-3, C22:5n-3 and C22:6n-3). 
However, these compounds were also detected to a lesser extent in host tissue and 
therefore considered indicative of translocation of these groups in the symbiosis. 
Further to this, the detection of a number of PUFAs considered characteristic of the 
host (for example C22:5n-6, and C18:2n-7) in symbiont pools also suggests that 
there is reciprocal translocation from host to symbiont (Imbs et al., 2014).  
Recently Kopp et al. (2015) investigated both carbon fixation and nitrogen 
assimilation in a coral symbiosis at the cellular level, with the  application of nano 
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secondary ion mass spectrometry (nanoSIMS) technology. This was coupled to 
pulse-chase 13C-bicarbonate and 15N incubations. The authors observed rapid 
incorporation of 13C into symbiont starch granules and lipid droplets under 
photosynthesising conditions. These stores were then mobilised in symbiont dark 
respiration. Labelled carbon was subsequently translocated to the host where it was 
observed to accumulate into lipid droplets and glycogen deposits, and after a lag of  
3 h, the translocation of labelled nitrogenous compounds to the host was also 
detected.  
NanoSIMS techniques have also been applied to more in-depth studies of nitrogen 
metabolism in the coral symbiosis (Pernice et al., 2012; Kopp et al., 2013). Pernice 
et al. (2012) demonstrated that both symbiont and host cells were capable of directly 
assimilating NH+ via a GS/GOGAT-like cycle (as discussed in Section 1.3.1), 
however the Symbiodinium cells did so at a much greater rate (up to 23 times more). 
Symbionts rapidly assimilated NH4+ and synthesised labelled glutamine and 
glutamate, and these compounds were in turn re-mobilised into nitrogenous 
compounds, such as proteins, amino acids and purines, with later translocation to 
the host of these nitrogenous products. Earlier studies by Wang and Douglas (1999) 
with the application of 14C-labelled glucose, aspartate and glutamate incubations, 
suggested that translocated amino acids in the Aiptasia symbiosis include histidine, 
isoleucine, leucine, lysine, phenylalanine, tyrosine and valine.   
 
1.4 A globally threatened system  
 
Coral reefs are one of the oldest ecosystems in the world, existing for over 250 
million years (Pandolfi, 2011). In their natural state they are considered to be highly 
persistent, or ecologically resilient and resistant to change (Holling, 1973; Nyström et 
al., 2008). However, these systems are increasingly under the influence of human 
activities at local, regional and global scales, with approximately 75% of the world ’s 
reefs considered either threatened, or destroyed (Hughes et al., 2010; Burke et al., 
2011). Major global-scale stressors for coral reefs include increased seawater 
temperatures, extreme weather, disease, sea level rise and ocean acidification, 
coupled to destructive regional and local-scale activities, such as over-fishing, poor 
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waste-water management and coastal development (Hoegh-Guldberg et al., 2007). 
Cumulatively, these drivers are not only eroding the natural capacity of coral reef 
ecosystems for resistance to change, but also impeding recovery following 
disturbance (Hughes, 1994; Nyström et al., 2008). This eroded capacity to cope has 
resulted in widespread declines in live coral cover worldwide and a major phase shift 
at many sites, from live coral to algal-dominated communities (Hughes, 1994; 
Hoegh-Guldberg, 1999; Hughes et al., 2003; Hughes et al., 2007).  
However, of these stressors, elevated water temperatures, which in turn lead to 
mass bleaching events, pose the single biggest threat to the persistence of coral 
reefs as we know them worldwide (Baker et al., 2008; Carpenter et al., 2008; Lesser, 
2011). These bleaching events have been increasing in frequency, severity and 
duration and are projected to continue increasing, with harmfully frequent bleaching 
events projected to occur by 2030 (Pandolfi et al., 2003; Donner et al., 2005; Baker 
et al., 2008; Pandolfi et al., 2011). Recent models also predict widespread 
degradation coral reef systems, which is likely to affect approximately 90% of coral 
reefs by 2050 (Frieler et al., 2013; Kwiatkowski et al., 2015).  
1.4.1 Coral bleaching  
Coral bleaching is the breakdown and loss of symbiont photosynthetic pigments 
and/or whole cells, resulting in a pale, white, or brightly coloured coral appearance, 
due to the exposure of host skeleton and tissues (Weis, 2008; Weis, 2010). The 
bleaching response may be elicited by a range of abiotic and biotic stressors, that 
include disease, eutrophication, turbidity, changes in salinity, high/low light and 
high/low water temperatures (Hoegh-Guldberg and Smith, 1989; Glynn, 1996; Brown, 
1997b). Thermally-induced bleaching is a major issue for scleractinians, as they 
typically exist at, or close to, their maximum temperature thresholds (Coles and 
Jokiel, 1977; Jokiel and Coles, 1990). Where exceeded, individuals will be exposed 
to thermal stress and bleaching is likely to occur (Hoegh-Guldberg, 1999; Baker et 
al., 2008). Typically, temperatures of only 1°C above monthly means at a given site 
will result in thermal stress, and where these temperature anomalies are prolonged 
and cumulatively exceed ≥ 4°C heating weeks (i.e. ≥ 4°C for one week, or ≥ 1°C for 
four weeks), a significant bleaching event is considered likely to occur (Eakin et al., 
2009).  
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Interestingly, this mechanism is by no means uniform at a given site, time-point or 
within a given species. Variations in the occurrence, extent and severity of bleaching 
can largely be explained by a combination of abiotic and biotic factors, including 
changes in the combined holobiont (genotype and phenotype), individual sensitivities 
to a given stressor (Baker, 2003; Abrego et al., 2008; Weis, 2010), and small-scale 
spatial differences, such as shading, upwelling/downwelling and turbidity at a given 
location (Glynn, 1996). Most corals contain 1-5 x 106 dinoflagellate symbionts per 
cm2 of live coral surface and between 2-20 pg chlorophyll a per symbiont cell (Glynn, 
1996). Bleaching will result in the loss of typically between 60-90% of symbionts, 
with those symbionts in turn losing on average between 50-80% of their 
photosynthetic pigments (Glynn, 1996). If suitable conditions resume, then symbiont 
communities will slowly repopulate the host, by cell division in hospite and/or via 
uptake from the environment (Toller et al., 2001; Lewis and Coffroth, 2004; 
LaJeunesse et al., 2010). 
The drivers and cellular mechanisms of coral bleaching have been a major focus of 
study since the threats posed to reef persistence by mass bleaching were first 
highlighted (see reviews in Glynn, 1996; Brown, 1997b). However, owing both to the 
complexity of the holobiont and variability in its response to a given stressor, central 
aspects remain to be fully resolved, such as for instance the role of the host in the 
process (Wooldridge, 2014; Krueger et al., 2015). One central mechanism thought to 
drive bleaching under conditions of high temperatures and high light levels, is the 
excessive generation of reactive oxygen species (ROS) by the dinoflagellate in 
hospite, known as the oxidative theory of coral bleaching (reviewed in Weis, 2008) 
(discussed in Section 1.4.2). Although ROS perform important and highly conserved 
roles in both normal cell function and in damage signalling, ROS species are in 
themselves damaging where rates of production exceed the capacity of antioxidant 
networks (D'Autreaux and Toledano, 2007; Brosché et al., 2010; Suzuki et al., 2012). 
The oxidative theory is therefore based on bleaching as a host immune-like 
response to minimise exposure to ROS generated by photoinhibited and 
dysfunctional photosymbionts (Dunn et al., 2007; Weis, 2008). However increasing 
evidence also supports the view that in many instances expelled Symbiodinium are 
photosynthetically viable (Hill and Ralph, 2007) and that symbiont-derived ROS does 
not accumulate in the host in hospite during bleaching, but rather oxidative stress in 
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the host may result from host metabolism itself (Krueger et al., 2015) (discussed in 
Section 1.4.3).  
1.4.2 Photosynthesis as a source of oxidative stress   
The photosynthetic pigments of Symbiodinium comprise chlorophyll a, chlorophyll c1 
and/or c2, the major xanthophylls peridinin or fucoxanthin (or fucoxanthin 
derivatives), diadinoxanthin and diatoxanthin (Venn et al., 2006). Collectively these 
pigments absorb energy (light) and transfer this energy to the electron transport 
chain. In linear electron flows this energy is then used in turn to reduce NADP to 
NADPH from PS II to PS I, and create a proton motive force across the chloroplast 
membrane generating ATP (reviewed in Roth, 2014). Cyclic electron flows are also 
generated at PS I, generating ATP only. Both ATP and NADPH are then used to fuel 
the fixation of carbon in the Calvin cycle, via the action of the enzyme Rubisco (Roth, 
2014) (Section 1.3).  
At low light levels, maximum quantum efficiency (φmax) is achieved when the rate of 
photosynthesis increases linearly with increasing light absorption (reviewed in Smith 
et al., 2005). However, as light intensity continues to increase, there is a decline in 
photosynthetic efficiency and the relationship between photosynthesis and absorbed 
light becomes nonlinear. This decline in the turnover of photosynthesis is due 
primarily to a reduction of components of the electron transport chain and an 
increase of protective mechanisms, which dissipate energy instead (Smith et al., 
2005). These protective mechanisms include re-emitting the energy as fluorescence, 
as heat (non-photochemical quenching, NPQ) via the xanthophyll cycle, or finally via 
the generation of triplet chlorophyll, through which a number of ROS species are 
produced. As dinoflagellates are regularly exposed to short-term increases in light 
levels (such as during the middle of the day), which saturate photosystems, NPQ 
plays in important role in responding to change via dynamic photoinhibition 
(reversible photoprotective processes) (Brown et al., 1999; Hoegh-Guldberg and 
Jones, 1999; Warner and Berry-Lowe, 2006). However, where energy levels exceed 
rates at which NPQ are capable of dissipating, then ROS are produced, leading to 
damage at a number of sites termed photoinactivation (see below), including the D1 
protein of PS II (Warner et al., 1999). These systems have therefore evolved a 
number of complex repair and antioxidant responses to limit photoinactivation and 
repair this ROS-associated damage to PS II (Lesser, 2006; Krueger et al., 2014) 
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(Section 1.4.3). However, if under non-typical conditions (high light and heat) the 
rate of damage exceeds that of repair, a photosynthetic system is said to be 
photoinhibited and the turnover of photosynthesis will be reduced (Warner et al., 
1999). Photodamage may also be sustained as a result of high temperatures, below 
light levels normally required to saturate photosynthesis, owing to inhibition of this 
repair to the D1 protein of PS II (Takahashi et al., 2004; Takahashi and Murata, 
2008).  
An additional strategy for the dissipation of excess electrons at PS I is alternative 
electron flows, which via the Mehler reaction deflect electrons from the chloroplast, 
reducing O2 to superoxide radicals and subsequently to hydrogen peroxide by 
superoxide dismutase (Roberty et al., 2014). Eventually, hydrogen peroxide is 
detoxified to water via the action of ascorbate peroxidase (Fig. 1.7). However, in 
order for the cycle to be effective, ascorbate must be recycled via the action of 
reduced ferredoxin. Without these electron carriers, ascorbate is not effectively 
recycled, and ROS will accumulate within the chloroplast (Smith et al., 2005).  
Further to this, ROS produced during increased turnover of alternative electron flows 
and as a result of the saturation of photosynthesis, coupled to elevated temperatures 
may also cause damage to Rubisco (Jones et al., 1998; Lilley et al., 2010), thylakoid 
membranes (Tchernov et al., 2004; Hill et al., 2009; Díaz-Almeyda et al., 2011), 
antenna proteins (Hill et al., 2012), the oxygen evolving complex (Hill and Ralph, 
2008) and PS I (Hoogenboom et al., 2012) leading to further photoinhibition. 
Damage to Rubisco may then lead to a break down in the Calvin cycle and sink 
limitation, where there is a reduction in the consumption of ATP and NADPH from 
PS I, leading to the backup of excitation energy at PS II (Jones et al., 1998; Lilley et 
al., 2010). Although this breakdown in the activity of the Calvin cycle has recently 
been shown not to be a key driver of bleaching, it does lead to a decline in the 
generation of downstream products, which in turn has implications for cellular 
metabolic function and repair (Bhagooli, 2013; Hill et al., 2014). Further to this, ROS-
associated damage sustained to the thylakoid membranes of the chloroplast may 
also lead to the uncoupling of the electron transport chain and a breakdown in the 
production of ATP (Tchernov et al., 2004). This limitation of ATP would restrict the 
turnover of the Calvin cycle and carbon assimilation, and generate yet more ROS as 
a result.  
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Fig. 1.7: Schematic of oxygen-evolving pathways in Symbiodinium under 
growth conditions (A) and thermal and light stress (B).  Under functional 
conditions, photosystem I (PS I) and photosystem II (PS II) produce large quantities 
of oxygen which diffuse into the host. Reactive oxygen species (ROS), such as 
hydrogen peroxide (H2O2) and superoxide (O2-), are effectively converted to oxygen 
by the enzymes superoxide dismutase (SOD) and ascorbate peroxidase (APX). 
Under thermal and light stress, damage occurs at the D1 protein of PSII, in the 
Calvin cycle and on the thylakoid membranes. This damage leads to the increased 
activity of alternative electron flows and via the Mehler reaction, the production of 
large amounts of ROS in the form of singlet oxygen (1O2) and O2-. These overwhelm 
antioxidant responses and initiate a cascade, leading to the production of further 
unstable ROS species, including the more persistent H2O2. (Adapted from Weis, 
2008).  
 
1.4.3 Respiration as a source of oxidative stress  
Exposure to elevated temperatures will also result in an increase in rates of cellular 
respiration in both partners, and in the symbiont this will result in increases in the 
ratio of respiration to photosynthetic rate (Coles and Jokiel, 1977; Clark and Jensen, 
1982). These energetic requirements will therefore necessitate the generation of 
energy from alternative sources, leading to increases in the turnover of alternative 
networks, such as associated with the breakdown of energy stores (Coles and Jokiel, 
1977; Clark and Jensen, 1982). Thermal acclimation and homeostatic responses will 
also require the generation of a number of complex and metabolically-costly cellular-
level changes in symbiont and host (Brown, 1997a). As a consequence of this 
increase in the turnover of respiratory and acclimatory networks, ROS will also be 
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generated at the mitochondria, endoplasmic reticulum and microbodies 
(peroxisomes and glyoxysomes) of both symbiont and host (Lesser, 2006).  
Cumulatively, this enhanced generation of ROS at multiple sites leads to increased 
turnover of enzymic and non-enzymic antioxidant responses to maintain oxidative 
state (see Section 1.4.4 below), however changes in host responses can be 
independent of those in the symbiont, indicating a disparity in oxidative state 
between partners (Krueger et al., 2015).Where antioxidant responses are 
overwhelmed; ROS are no longer detoxified and therefore accumulate at sites of 
production, causing further damage and escalating into a positive feedback loop 
(Lesser, 1996; Roberty et al., 2015). As charged molecules, most species of ROS 
are unable to permeate the lipid bilayer, and they therefore accumulate at sites of 
production, causing lipid peroxidation, DNA damage and modifications to cellular 
proteins (Gill and Tuteja, 2010). Eventually, this damage will extent to components of 
the lipid bilayer of cellular membranes, leading to lipid peroxidation, the leakage of 
ROS from sites of accumulation and the generation of further unstable and cytotoxic 
molecules, such as oxylipins (Lesser, 2006). Both ROS and oxylipins are highly 
conserved damage-signalling molecules (Weis, 2008; Lõhelaid et al., 2015), and 
lead to enhanced cell death via mechanisms such as necrosis, apoptosis, autophagy 
and to the expulsion of symbiont cells during bleaching (Dunn et al., 2004; Weis, 
2008). 
1.4.4 Acclimation to thermal stress 
A number of mechanisms may be employed to increase resistance to bleaching, to 
acclimate to unfavourable conditions, and finally to improve recovery following 
bleaching. Principal amongst these is minimising the degree of exposure to the 
causative abiotic stressors (Section 1.4), namely light, heat and ROS. The main 
mechanisms are summarised in Fig 1.8. In the first instance photoprotective 
pigments serve to limit excess exposure to both visible and UV light in sessile marine 
organisms (Shick and Dunlap, 2002). Major accessory and photoprotective pigments 
in the cnidarian-dinoflagellate symbiosis, include carotenoids, fluorescent pigments 
and mycosporine-like amino acids (MAAs) (Salih et al., 2000; Venn et al., 2006; 
Rosic and Dove, 2011; Strychar and Sammarco, 2011). In the dinoflagellate both the 
ratios and sizes of these photoprotective pigments may be altered to acclimate to 
differing conditions (Venn et al., 2006; Warner and Berry-Lowe, 2006; Strychar and 
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Sammarco, 2011). Similarly enzymatic and non-enzymatic cellular antioxidants and 
heat shock proteins (HSPs) are important in maintaining oxidative state and cellular 
function (Downs et al., 2002; Krueger et al., 2014; Roberty et al., 2015; Wietheger et 
al., 2015). Cell function and structure may also be maintained via modifications to 
fatty acid metabolism, lipogenesis and the structure of cellular membranes 
(Tchernov et al., 2004; Papina et al., 2007; Díaz-Almeyda et al., 2011; Leal et al., 
2013) and the production of compatible solutes such as sugar alcohols, betaines and 
dimethylsulfoniopropionate (DMS) (Mayfield and Gates, 2007; Yancey et al., 2010). 
 
 
38 
 
Fig. 1.8 (previous page): Summary of major known symbiont metabolic and 
cellular protective and acclimation mechanisms to thermal and oxidative 
stress. 1. MAAs and florescent proteins (FP) absorb and reflect excess light energy; 
2. Photoprotective accessory pigments and alternate electron flows divert excess 
energy from the chloroplast; 3. Enzymatic and non-enzymatic antioxidants are 
located at sites of high ROS production namely the chloroplast, mitochondria and 
cell cytoplasm. 4. Intracellular pools of heat shock proteins (HSPs) and compatible 
solutes serve to maintain cell structure and function, 5. Membrane structure may 
also be altered, with increases in saturation and stability at high temperatures. SOD 
superoxide dismutase, APX ascorbate peroxidase, KatG catalase peroxidase, GSH 
glutathione, Chl chlorophyll, AsC ascorbate, DMS dimethylsulphate, PUFA 
polyunsaturated fatty acid, CAT catalase, PX peroxidase. 
 
1.5 Gaps in our knowledge 
 
Given the threats facing coral reefs and the importance of the metabolic interactions 
that underpin their success, it is perhaps surprising how little attention stress-related 
shifts in intracellular metabolite pools and mobile-product exchange in the symbiosis 
have received. To date, only a single study has characterised metabolite profiles 
associated with an environmental stressor within the symbiosis, and this was 
focussed on the effect of nutrient enrichment on secondary metabolites in the soft 
coral Sarcophyton ehrenbergi (Fleury et al., 2000). The authors found that the ratio 
of bioactive, or stress metabolites (terpenes) to energy-storage metabolites (lipids) 
varied with nutrient enrichment (phosphorus and nitrogen). It was postulated that 
increased nitrogen availability to the algal symbiont resulted in uncontrolled symbiont 
growth and reductions in mobile-product translocation to the host.  
Great advances in our knowledge of cellular interactions in the cnidarian-
dinoflagellate symbiosis have been made in recent years, particularly within the 
‘omics fields (genomics, transcriptomics, proteomics and metabolomics). However, 
major gaps remain in a number of aspects central to the function and dysfunction of 
the symbiosis (Edmunds and Gates, 2003; Davy et al., 2012). In particular further 
study is required in order to elucidate central metabolic pathways and metabolic 
interactions in the functional symbiosis and to establish how these networks are 
affected by thermal stress. A more holistic approach is necessary to better 
understand the complex and dynamic metabolic changes in the holobiont during 
periods of thermal stress. These data are essential for understanding how the 
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symbiosis will persist in to the future. Gaps in knowledge in each partner and the 
symbiosis as a whole during thermal stress and bleaching include: 
1. What are the changes to central metabolism and costs associated with 
acclimation to these conditions?  
2. What are the roles of intracellular free metabolite pools and metabolic 
pathways in cellular homeostasis, cell signalling and acclimation to thermal 
stress? 
3. How are mobile compound exchange and down-stream pathways affected? 
4. Are there heat responsive compounds that may serve as specific indicators of 
these stressors?  
 
1.6 The application of metabolomics   
 
Metabolomics is the study of the diverse group of small molecules (<1500 kDa in 
molecular weight) found in a cell, biofluid, tissue, or organism. The metabolome is 
the complete set of these molecules and consists of a chemically diverse mix of 
compounds (Oliver et al., 1998). These compounds are the products of enzyme-
catalysed reactions and fall into two main groups: primary metabolites and 
secondary metabolites (Roessner et al., 2006). Primary metabolites comprise those 
directly associated with metabolism, namely growth, development and reproduction, 
and secondary metabolites typically perform specific ecological roles (Roessner et 
al., 2006). Metabolic reactions can be divided into anabolic and catabolic reactions. 
Typically, anabolic reactions, which synthesise complex molecules from simple 
compounds, require energy in the form of ATP, NADPH or NADH. In contrast, the 
degradation of these compounds by catabolism will release energy (Roessner et al., 
2006).   
The metabolome is highly dynamic, responding rapidly to change via the turnover of 
pathways, or metabolic flux (Grüning et al., 2010). As many pathways are self-
regulating, acting in competing and interacting pathways, alterations to free 
metabolite pools and shifts in associated metabolic pathways are typically post-
translational (Fiehn et al., 2000; Roessner et al., 2006). Free metabolite pools 
therefore typically reflect an organism, tissue or cell’s first response to its 
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environment, and the interaction of genotype and phenotype (i.e. the metabolome) 
(Fig. 1.9) 
 
Fig. 1.9: The organisation of the ‘omes’.  Showing the flow of information from 
genome to metabolome, and their interaction with one another and the environment. 
Amended from Griffin and Shockcor (2004).  
 
Typically, the metabolome is highly resilient with high functional redundancy 
(Grüning et al., 2010; Gu et al., 2012). Perturbations to the metabolic network can 
result in modifications, or total exclusions of a given pathway, resulting in shifts not 
only in metabolite pools, but in the mechanisms for the generation of cellular energy, 
or biosynthesis (Grüning et al., 2010). In addition to their primary roles, free 
metabolite pools may also perform important secondary functions in cellular 
homeostasis, such as serving as compatible solutes, or messenger molecules 
(Wahid et al., 2007; Guy et al., 2008). Levels of individual compounds in free 
metabolite pools therefore represent their dynamic roles as intermediates, or end-
points, and in maintaining cellular homeostasis. Due to the sheer number of 
metabolites, each reflecting a particular aspect of metabolism in the cell, tissue or 
organism of interest, it is possible to rapidly detect low-level and ecologically-relevant 
cellular changes in complex systems (Fiehn, 2002; Lankadurai et al., 2013). The 
application of metabolomics-based techniques therefore provides an excellent tool 
for the assessment of sub-acute and complex stressors in environmental studies 
(Viant, 2007; Viant, 2008).  
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1.6.1 Measuring the metabolome 
Due to the complexity of the metabolome, it is not currently possible to 
simultaneously measure its entire suite of metabolites (Villas-Bôas et al., 2005; 
Dettmer et al., 2007). This is mainly due to its high turnover rate, sheer number of 
compounds, large range of concentrations and differing chemical properties (polarity, 
stability, volatility and solubility) (Roessner et al., 2006; Dettmer et al., 2007). As a 
result, many metabolites remain unidentified, particularly within complex systems, 
such as the cnidarian-dinoflagellate symbiosis. Therefore metabolomic studies 
typically focus on certain aspects of the metabolome, or focus on a widely studied 
and well characterised model system. As a result, the majority of studies fall into two 
main categories: comparative studies that apply untargeted qualitative comparisons 
between samples (metabolite profiling) and quantitative studies, which focus on a 
particular group of compounds, or a single compound (target analysis) (Nielsen et al., 
2006; Roessner et al., 2006).  
The methods and analytical platforms applied will also be dependent on the 
objectives of the study. The main platforms for the identification and quantitation of 
these small molecules fall into three major categories, namely GC-MS, liquid-
chromatography mass spectrometry (LC-MS) and NMR spectroscopy (Smedsgaard 
et al., 2006).  The advantages and disadvantages of each of these methods are 
mainly based upon their sensitivity and repeatability (Table 1.2) (Villas-Bôas et al., 
2005). Metabolomics via the application of GC-MS is capable of the simultaneous 
analysis of a broad range of metabolite classes, and produces data with high 
reproducibility and high accuracy, it therefore provides an excellent platform for the 
untargeted assessment of multiple metabolite groups (Villas-Bôas et al., 2005).  
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Table 1.2 Major metabolomics analysis platforms, advantages and 
disadvantages (adapted from Villas-Bôas et al., 2005). 
Analysis 
platform 
 Advantages  Disadvantages 
GC-MS  Simultaneous analysis of a 
range of metabolite groups 
 High chromatographic resolution 
 Highly repeatable 
 Relatively rapid 
 Unable to analyse thermally 
unstable  compounds 
 Requirement for derivatization of 
non-volatile groups 
 Identification requires known 
standards and/or library 
comparison 
 Average sensitivity – requiring 
relatively large amount of 
biomass (> 100 mg dry weight) 
for detection of compounds in 
low abundance 
LC-MS   High detection sensitivity 
 No requirement for derivatization 
 Relatively rapid 
 Average to high 
chromatographic resolution  
 Analysis of thermo-labile 
compounds 
 Difficulty in effectively separating 
multiple classes 
 Matrix effects 
NMR  Very high structural resolution 
 Direct unbiased quantification 
 Low resolution 
 Small dynamic range 
 Low sensitivity 
 
1.6.2 GC-MS analysis 
In GC-MS, gas chromatography (GC) is used to separate the analytes. The 
metabolites are then identified using their molecular mass and fragmentation pattern 
via mass spectrometry (MS). This analytical system is reviewed in detail in 
Smedsgaard et al. (2006), but a brief introduction will be provided here: 
A small volume (ca. 1 μL) of each sample in liquid phase is first injected into the GC. 
The sample is evaporated in a heated injector and the mix of analytes is then 
directed into the GC. The GC comprises a capillary column, with a carrier gas to 
separate the molecules in gas phase. The differing chemical properties of the 
analytes result in differing affinities for the column’s stationary phase (the distribution 
coefficient, K) and therefore separation as the sample travels down the column in the 
carrier gas. This causes the analytes to elute from the column at different times.  
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Once the compounds are eluted from the GC, they travel into the MS. In the MS they 
are ionized into component ions, which are then directed to a detector. The most 
common ionization mode is via electron impact, so-called electron ionization (EI). In 
EI, the analytes are bombarded with free electrons from a source, resulting in the 
production of molecule fragments. The gas phase reaction can be described with the 
following equation:  
M + e- = M+● + 2e 
Where M is the analyte molecule being ionized, e- is the electron and M+● is the 
resulting ion.  
The fragment ions are then separated and detected by a mass analyser, using their 
mass-to-charge ratios (m/z). Following detection of the fragment ions, the m/z data 
and retention time are reported in digital format as chromatograms (Fig. 1.10). 
Retention time is a means of qualitative identification, relating to the time between 
injection and detection of a target compound peak. However, retention time will vary 
according to a number of factors, including analysis conditions and those relating to 
the column including its type, dimensions, degradation and any associated 
contamination. As such, retention time will vary between machines and even 
between analytical runs on a single machine.  
 
Fig. 1.10: A typical GC-MS chromatogram.  Showing target compound peak 
intensity (y axis) and retention time (mins) (x axis). 
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Where an unknown compound, or an untargeted analysis is run, putative 
identification may be possible via comparison with commercially available libraries, 
such as that of the National Institute of Standards and Technology (NIST) 
(http://chemdata.nist.gov/). This is due to the specific pattern of the mass spectra 
produced, which may be matched to corresponding known compounds (Fig. 1.11). 
However, in order for an analyte to be confirmed it must be matched against a 
known standard run on the same machine (Sansone, 2007; Kanani et al., 2008). 
Internal standards are also applied in order to control for any variation in the analysis 
between samples, such as retention time shifts and for targeted quantification of a 
compound (Kanani et al., 2008). Relative quantity of a metabolite (i.e. for 
comparative studies) may be determined based upon the peak area, or height. 
However for absolute quantitation of a compound known standards must be run and 
individual calibration curves produced for each analyte of interest.  
 
Fig. 1.11: A chromatogram for an unknown compound (top), matched with a 
known standard (bottom), positively confirming an identification of the 
monosaccharide galactose.  
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1.6.3 13C tracer experiments 
13C tracer experiments are based on the application of carbon labelling, via 
incubations in vivo or in vitro with 13C-enriched media. Labelled carbons are then 
distributed over the metabolic network and enrichment of the metabolite pools may 
then be measured (Roessner et al., 2006). As 13C is naturally present in the 
environment, background levels of the heavy isotope must be identified and 
quantified, in order to accurately estimate enrichment (Wiechert, 2001; Klein and 
Heinzle, 2012). A compound with n carbon atoms, however, may be labelled on all, 
some or none of its carbon atoms (isotopomer). Therefore, the number of 
isotopomers of a compound can be represented as 2n, either labelled or unlabelled 
in each carbon position (Wiechert, 2001).  
Each isotopomer will represent a fraction of the total pool of a given metabolite. The 
labelling state of a metabolite therefore represents the distribution across all of these 
compounds. This distribution will in turn be determined by the turnover of chemical 
pathways of the respective metabolite; for instance, different pathways may result in 
the same end-product, but with differing sites of cleavage and therefore different 
isotopomers (Zamboni et al., 2009) (Fig. 1.12). Typically, most studies apply 13C-
labelling to systems when equilibrium is reached between labelled and unlabelled 
compounds (i.e. an isotopically steady state), with in-depth knowledge of the system 
under study, this enables actual rates of label distribution and fluxes to be quantified 
(Wiechert, 2001; Roessner et al., 2006).  However, non-stationary, or kinetic 
labelling studies are also increasingly being applied to uncover changes in the 
kinetics of enrichment of metabolite pools and to trace unknown pathways in lesser 
studied systems (Roessner et al., 2006; Young et al., 2011).  
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Fig. 1.12: Tracing metabolism with the application of 13C isotope tracer. A) A 
simplified metabolic network; each pathway produces the same end product, but with 
a unique labelling pattern (isotopomer). B) Simplified mass isotopomer distributions, 
of 100% unlabelled to 100% labelled 3-phosphoglycerate; isotopomers have the 
same chemical formula, but different molecular weights, owing to the incorporation of 
heavy isotopes, denoted as M+1, M+2, M+3 etc, in order of increasing weight and 
label incorporation. Figure adapted from Duckwall et al. (2013).  
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1.6.4 Application to the study of thermal stress  
The metabolomics techniques outlined above have been widely applied to both 
clinical and environmental studies (Viant et al., 2003; Griffin and Shockcor, 2004; 
Kaplan et al., 2004; Guy et al., 2008; Viant, 2008). Individual metabolites and entire 
metabolite profiles associated with a given stressor have been identified in a number 
of systems, including heat stress-associated shifts in metabolism in terrestrial plants 
(Kaplan et al., 2004; Guy et al., 2008), invertebrates (Malmendal et al., 2006; 
Michaud et al., 2008) and marine organisms, such as steelhead trout (Oncorhynchus 
mykiss) (Viant et al., 2003) and the red abalone (Haliotis rufescens) (Rosenblum et 
al., 2005) (Table 1.3). These studies primarily identified a number of highly 
conserved changes associated with exposure to thermal stress, within a number of 
metabolite groups. Notably, these included accumulations of heat-responsive 
compounds associated with changes to the turnover of carbon fixation, central 
metabolism (such as glycolysis and the TCA cycle), amino acid and fatty acid 
metabolism, biosynthesis and cellular homeostasis (osmotic and oxidative state).  
The application of metabolomics to the study of the cnidarian-dinoflagellate 
symbiosis is also receiving increased attention (Fleury et al., 2000; Gordon and 
Leggat, 2010; Burriesci et al., 2012; Gordon et al., 2013; Sogin et al., 2014; Klueter 
et al., 2015). Metabolite profiles and mobile products of the sea anemone Aiptasia sp. 
and its dinoflagellate symbiont have already been characterised using these 
approaches (Burriesci et al., 2012). The study identified glucose to be a major 
translocated mobile compound in the symbiosis, opposing the long-established 
theory that glycerol served as the major mobile compound (Muscatine, 1967; 
Muscatine and Cernichiari, 1969) (Section 1.3.3). A second recent study has also 
characterised the metabolite profiles of different Symbiodinium types in culture and 
their responses to changes in temperature (Klueter et al., 2015). Although a number 
of compounds were not fully identified, the study detected accumulations of multiple 
heat-responsive metabolites, including sterols, fatty acids and monosaccharides. 
Interestingly, both thermally- and light-induced accumulations of two inositol isomers 
were highly consistent between types. As such this compound may be indicative of a 
conserved response to these abiotic stressors between Symbiodinium types. It was 
postulated by the authors that these accumulated compounds could be inositol 
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phosphates, which have major roles in calcium signalling pathways and the induction 
of encystment (Klueter et al., 2015).  
As discussed in Section 1.5, major gaps still remain in our understanding of change 
elicited to central and homeostatic pathways in both symbiont and host during 
thermal stress and bleaching (Edmunds and Gates, 2003; Davy et al., 2012). 
Metabolomics-based techniques offer an excellent platform for investigating both 
thermally induced responses and the complex metabolic interactions that underpin 
the function of holobiont, particularly when coupled to stable isotope labelling.  
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Table 1.3  Metabolites associated with thermal stress from a range of systems  
System Analytical 
platform 
Heat-responsive compounds Reference 
Microorganism: 
Escherichia coli 
NMR Reductions of glucose, coupled to accumulations of leucine, 
isoleucine, valine, lactate, N-acetyl alanine, dimethylamine and 
methylamine, alanine, α-aminoadipate, glutamate, succinate and 
glucosylglyceric acid.  
(Ye et al., 2012) 
Terrestrial plant: 
Kentucky bluegrass 
(Poa Pratensis) and 
hybrid bermudagrass 
(Cynodon 
transvaalensis × 
Cynodon dactylon‘) 
GC-MS 36 heat responsive compounds consisting of organic acids, amino 
acids, sugars and sugar alcohols. Differential accumulation of a 
number of compounds in the more heat resistant hybrid, namely: 
seven sugars (sucrose, fructose, galactose, floridoside, melibiose, 
maltose and xylose), a sugar alcohol (inositol), six organic acids 
(malic acid, citric acid, threonic acid, galacturonic acid, isocitric 
acid and methyl malonic acid) and nine amino acids (Asn, Ala, Val, 
Thr, γ-Aminobutyric acid, IIe, Gly, Lys and Met). 
(Du et al., 2011) 
Terrestrial plant: 
Arabidopsis thaliana 
GC-MS Alteration of 143 polar metabolites including: amino acids (Asn, 
Leu, Ile, Thr, Ala, Leu, and Val). Fumarate and malate 
(oxaloacetate precursors). Amine-containing metabolites (3-Ala, 4-
aminobutyric acid [GABA], and putrescine). Carbohydrates 
including maltose, sucrose, raffinose, galactinol, myoinositol, and 
cell-wall monosaccharides. 
(Kaplan et al., 
2004) 
Terrestrial plant: 
Bentgrass Agrostis 
spp. 
GC-MS Organic acids (lactic acid, threonic acid, and aminomalonic acid) 
and sugars (glucose, fructose, sucrose, and maltose) and amino 
acids (valine, alanine, proline, aspartic acid, aminobutyric acid, and 
asparagines), organic acids (threonic acid, gluconic acid, and citric 
acid), and sugars (fructose, floridoside, and turanose) 
(Xu et al., 2013) 
Terrestrial NMR 16 metabolites: alanine, β-alanine, glutamate, glutamine, (Malmendal et al., 
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System Analytical 
platform 
Heat-responsive compounds Reference 
invertebrate: Fruitfly, 
Drosophila 
melanogaster 
isoleucine, leucine, proline, tyrosine, valine, acetate, choline, 
glucose, glycogen, ATP, NAD, and a fatty acid-like metabolite. 
2006) 
Terrestrial 
invertebrate: Antarctic 
midge, Belgica 
antarctica 
GC-MS Elevated ketoglutarate and putrescine (Michaud et al., 
2008) 
Marine invertebrate: 
Red abalone, Haliotis 
rufescens 
NMR Nine amino acids (alanine, glutamine, isoleucine, leucine, lysine, 
phenylalanine, tryptophan, tyrosine, valine), two carbohydrates 
(glucose and glycogen).  
(Rosenblum et 
al., 2005) 
Marine vertebrate: 
Steelhead trout, 
Oncorhynchus mykiss  
NMR Phosphocreatine, ATP and glycogen, lactate, glucose, 
phosphocholine, glycine and alanine. 
(Viant et al., 
2003) 
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1.7 Aims and objectives 
 
The main aim of this thesis was to investigate change in free metabolite pools, 
mobile compound exchange and downstream pathways within the cnidarian-
dinoflagellate symbiosis associated with thermal stress and bleaching. Principally, 
the study aimed to identify heat-responsive compounds and metabolic pathways 
within each partner of the symbiosis.  
To address this aim, the study had three specific objectives: 
1. To characterise the metabolite profiles of both partners of a model cnidarian-
dinoflagellate symbiosis (Aiptasia sp. and its homologous symbiont, 
Symbiodinium ITS 2 type B1) under control conditions, and to identify 
changes associated with exposure of the intact symbiosis to thermal stress 
and bleaching.  
 
The associated hypotheses were: a) Symbiont and host pools would differ in 
terms of the composition of their metabolite profiles under non-stressful 
conditions; b) the two partners would differ in their responses to thermal 
stress; and c) heat-responsive metabolites and pathways would be associated 
with altered metabolic mode during photoinhibition and the maintenance of 
cellular homeostasis. 
 
2. To build on the model system approach, by characterising the metabolite 
profiles of symbiont and host in a common reef-building coral (Acropora 
aspera and symbiont Symbiodinium ITS 2 type C3) in response to thermal 
stress, and early and late-phase bleaching.  
 
The associated hypotheses were: a) Symbiont and host would differ in terms 
of the composition of their metabolite profiles under non-stressful conditions; 
b) symbiont and host would differ in their responses to thermal stress; c) heat-
responsive metabolites and pathways would be associated with altered 
metabolic mode during photoinhibition and the maintenance of cellular 
homeostasis; and d) responses would differ with increased exposure to 
thermal stress and associated symbiont photoinhibition.  
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3. To trace carbon fixation, downstream mobile product exchange and pathway 
end-points in symbiont and host in the Aiptasia sp. model system and A. 
aspera, to determine any difference in metabolic function of the symbiosis 
associated with thermal stress, and early- and late-phase bleaching.  
 
The associated hypotheses were: a) Thermal stress would alter carbon 
fixation, label incorporation, quantity and composition of mobile compounds 
exchanged from symbiont to host; b) shifts in label incorporation in 
downstream pathways in each partner would occur as a result; and c) these 
changes would differ with thermal-stress duration.  
These objectives fall into the three respective chapters that form the experimental 
basis of this thesis (Chapters 2-4). Chapter 5 provides a general discussion of the 
outputs of these chapters and proposed further work.  
The methods applied were based upon untargeted and targeted metabolite profiling 
via the use of GC-MS, coupled to incubations with a stable isotope tracer (13C).  
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Chapter 2 Metabolite profiling of symbiont and host in a model cnidarian-
dinoflagellate symbiosis during thermal stress and bleaching 
 
2.1 Introduction  
 
The cnidarian-dinoflagellate symbiosis underpins the success of reef-building 
(scleractinian) corals in nutrient-poor tropical waters (Muscatine and Cernichiari, 
1969; Yellowlees et al., 2008). In symbiosis, dinoflagellate algae of the genus 
Symbiodinium are encapsulated within a host-derived membrane (symbiosome), 
located within the cnidarian host’s gastrodermal cells (Wakefield and Kempf, 2001).  
In successful symbiosis, there is a complex bi-directional exchange of both organic 
and inorganic compounds (Muscatine and Hand, 1958; Miller and Yellowlees, 1989; 
Davy et al., 2012). The photosynthetic symbionts translocate organic products of 
carbon fixation and nitrogen assimilation to the host, including sugars, sugar alcohols, 
amino acids and lipids (Muscatine and Cernichiari, 1969; Whitehead and Douglas, 
2003; Kopp et al., 2015). In return, the host provides access to dissolved inorganic 
nutrients (DIC, DIN and phosphorus) and may also exchange host derived amino 
acids, lipids and fatty acids (Wang and Douglas, 1999; Imbs et al., 2014). The 
functional holobiont also comprises a specific suite of associated microbial consortia, 
which are also thought to contribute to these nutritional interactions (Rohwer et al., 
2002).  
The symbiosis is highly efficient and adapted to relatively wide thermal regimes, 
however sea water temperatures are rising and continue to do so, regularly 
exceeding critical temperature thresholds (Hoegh-Guldberg, 1999; Hughes et al., 
2003). This in turn necessitates costly acclimation responses in symbiont and the 
host, with a re-organization of cell metabolism and structure (Kaplan et al., 2004). In 
symbiosis, this process will occur in each partner individually, but as change is 
elicited in the downstream exchange of mobile compounds between partners, it will 
affect the holobiont as a whole (Clark and Jensen, 1982; Jokiel and Coles, 1990). 
Acclimation responses will vary according to the holobiont genotype and phenotype, 
however they include enzymatic and non-enzymatic antioxidants, photoprotective 
compounds such as fluorescent proteins and accessory pigments, heat shock 
proteins (HSPs), compatible solutes, and structural modifications to maintain cell and 
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organelle stability and function (Lesser, 2006; Baird et al., 2009a). Further to their 
roles in central metabolism, free metabolite pools will function in the de novo 
synthesis of these protective compounds. In addition, they have direct roles as 
intracellular antioxidants, chelating agents, compatible solutes and cellular signals 
(Guy et al., 2008; Grüning et al., 2010). Even with costly acclimation responses in 
place, where elevated temperatures are prolonged, and/or severe, thermal stress will 
lead eventually to dysfunction of the symbiosis. Specifically, the accumulation of 
reactive oxygen species (ROS) in symbiont and host, and the breakdown and loss of 
dinoflagellate symbionts, via bleaching (Weis, 2008). 
Despite the importance of coral reefs and bleak projections for their future under 
climate change, major gaps remain in our understanding of how this dynamic and 
complex symbiosis is affected by high temperature stress and bleaching (Edmunds 
and Gates, 2003; Davy et al., 2012). In particular, data elucidating changes to mobile 
compound exchange and downstream pathways in the holobiont are lacking. Less 
still is known of the secondary roles of many primary metabolites in cellular 
acclimation, or how these compounds may serve to alter resistance to stress. 
Metabolomics is a widely used approach for the study of abiotic stressors within 
clinical research, and increasingly in environmental monitoring (Viant, 2008; 
Lankadurai et al., 2013). Metabolomics refers to the analysis of low molecular weight 
metabolites within a cell, tissue or biofluid (the “metabolome”) (Viant, 2007). The 
metabolome of an organism is a downstream product of genotype, phenotype and 
environmental drivers (Fancy and Rumpel, 2008; Spann et al., 2011). Given a 
variable of interest, it is therefore possible to detect fine scale change in a rapid and 
quantitative manner. Furthermore, by calculating accompanying pathway rate 
changes, insight can also be gained into wider downstream physiological effects. At 
the simplest level, one such method for estimating pathway turnover involves the 
comparison of metabolite abundance and role in particular pathways, producing a 
hypothetical estimate of pathway activity, which may then be compared between 
conditions (Aggio et al., 2010). Due to the diversity of the metabolome, no one 
method is currently capable of capturing all metabolite classes, due to their differing 
characteristics (Viant, 2008). However, with the application of gas chromatography-
mass spectrometry (GC-MS) metabolite profiling, it is possible to simultaneously 
55 
 
analyse a relatively large number of metabolite groups in a high throughput, 
repeatable, sensitive and cost-effective manner (Villas-Bôas et al., 2005).  
This study applied GC-MS metabolite profiling and pathway activity analysis to the 
tropical sea anemone Aiptasia sp. (of unknown Pacific origin) and its in hospite 
homologous symbiont (Symbiodinium minutum, ITS2 type B1) (Starzak et al., 2014). 
This anemone is a widely used model system for the study of the cnidarian-
dinoflagellate symbiosis (Weis, 2008). The main aim was to investigate heat-stress 
induced modifications to the intracellular pools of both partners. The methods were 
therefore optimized to focus on pools of amino and non-amino organic acids (in 
particular fatty acids). These compounds not only play important roles in the 
functional metabolism of the holobiont, but have also been previously shown to 
respond to heat treatment, principally in the maintenance of homeostasis, cell 
structure, cell signalling and cell death (Díaz-Almeyda et al., 2011; Imbs and 
Yakovleva, 2012; Leal et al., 2013). 
 
2.2 Materials and methods  
 
Specimens of the sea anemone Aiptasia sp. were maintained in the lab in 1 μm 
filtered seawater (FSW) at 25°C, with light provided by AQUA-GLO T8 fluorescent 
bulbs at ≈ 95 μmol quanta m-2 s-1 (light:dark ≈ 12h:12h). Anemones were fed twice a 
week with freshly hatched Artemia sp. nauplii. Prior to the experiment, anemones 
were rinsed repeatedly with FSW to remove external contaminants. Individuals were 
acclimated and starved in 25 L aquaria (light regime as above) for seven days prior 
to sampling, to ensure that any Artemia nauplii had been digested and expelled. 
Following acclimation, the treatment aquaria were ramped to 32°C ± 0.4°C over a 
period of 48 h (≈ 1°C 8 h-1). Once the target temperature was attained, it was 
maintained for six days for the treatment group. A control group was maintained at 
25°C ± 0.5 °C. 
Dark-adapted maximum yield of PS II (Fv/Fm) was measured with a diving PAM 
fluorometer (Walz, Effeltrich, Germany), following a 30 min dark adaptation at the 
end of the daily light cycle. PAM settings were maintained over the course of the 
experiment at: measuring light 4, saturation intensity 4, saturation width 0.6 s, gain 2 
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and damping 2. Measurements were taken a standard distance of 5 mm from each 
sample. Mean estimates with standard error (S.E.M) were calculated based on 
single measurements from ten individuals per treatment at each time point. These 
same individuals were maintained for daily measurements over the course of the 
experiment and were not sampled for metabolite profiles.  
Sampling for metabolite profiling was undertaken at 0 d (pre-heat ramp) and after 6 d 
of heat treatment exposure. Three replicate samples were taken at each time point 
for each treatment. Each individual sample comprised a total of six individuals, to 
ensure sufficient biomass for metabolite identification (n = 3 x 6 anemones per time 
point and treatment). Individuals for metabolite analysis were immediately quenched 
by snap freezing in liquid nitrogen and transferred to a -80°C freezer for storage.  
2.2.1 Host and Symbiodinium separation 
Frozen individuals were pooled into single samples and ground with a pestle and 
mortar, which was chilled with the addition of liquid nitrogen. Once homogenised, 2.4 
mL chilled MilliQ water (at 4°C) was added, the sample thoroughly vortexed, and a 
400 μL aliquot taken for host protein, Symbiodinium cell counts and chlorophyll a 
analysis. The remaining homogenate was then centrifuged at 1,150 x g for 5 min at 
4°C to pellet the algal symbionts.  
The supernatant containing the host fraction was removed, snap-frozen in liquid 
nitrogen and freeze-dried overnight. The algal pellet was re-suspended in 3 mL 
chilled MilliQ water and re-centrifuged at 1,150 x g for 5 min at 4°C, and the 
supernatant discarded. This washing procedure was repeated twice and the resulting 
algal pellet was freeze-dried overnight. It should be noted that MilliQ water alone was 
employed for separation and purification phases due to the interaction of buffer 
precipitates (phosphates) and antifreezes (such as glycerol and ethylene glycol) with 
the metabolites of interest (K. Hillyer and J. Matthews, unpublished data). 
2.2.2 Protein quantification, cell counts and chlorophyll a  
Symbiodinium cell densities were quantified using Improved Neubauer 
haemocytometer counts (Boeco, Germany), with a minimum of six replicate cell 
counts per sample (to a confidence interval below 10%). Cell density was normalised 
to soluble protein content, which was assessed by the Bradford assay (Bradford, 
1976) carried out on the supernatant of centrifuged (16000 x g for 20 min) host 
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fractions (triplicate measurements). Symbiont chlorophyll a content was quantified by 
dimethylformamide extraction undertaken in the dark at 4°C (Moran, 1982) and 
measured with an ELISA microplate reader (Enspire® 2300, Perkin-Elmer, Waltham, 
MA, USA) (triplicate measurements) at wavelengths of 663.8 nm, 646.8 nm and 750 
nm. 
2.2.3 Extraction  
Once dry, 1 mL 50% cold MeOH (at -20°C) was added to each of the samples, which 
were also spiked with 20 μL of the internal standard d4-alanine (at 10 mM).  
Methanol-chloroform washed aluminium beads were added and the samples 
vortexed for 1 min, frozen and re-vortexed for a further minute. This process was 
repeated twice for the symbiont samples, to ensure that the cells were fully lysed, 
identifiable by the orange colour of the extract. Samples were then centrifuged at 
3220 x g for 6 min at -9°C, and the supernatants collected and stored on dry ice. The 
extraction was then repeated with the further addition of 1 mL 80% cold MeOH (at     
-20°C) to the pellet. This second extract was then combined with the first and the 
pooled sample freeze-dried overnight. The algal pellet and host cell debris were 
retained and dried in a drying oven at 100°C, to a constant dry weight.  
2.2.4 MCF derivatization 
Derivatization was via methyl chloroformate (MCF) with the method adapted from 
Smart et al. (2010). When completely dry, symbiont samples were re-suspended in 
200 μL of NaOH (1M) and transferred to silanised glass tubes (CTS-1275, Thermo 
Fisher Scientific, USA). After this, a 50 μL aliquot was taken from each sample to 
produce a pooled sample. To the remaining sample, 167 μL of MeOH and 34 μL of 
pyridine were added, followed by 20 μL of MCF, and the solution vortexed for 30 s. A 
further 20 μL of MCF was then immediately added and the samples vortexed for 
another 30 s. Next, 400 μL chloroform was added to each sample and the mixture 
vortexed for 10 s. Finally, 400 μL sodium bicarbonate (50 mM) was added to halt the 
reaction and the samples vortexed for another 10 s.  Derivatization and preparation 
of the pooled host sample was as for the symbiont, but all derivatization volumes 
were doubled, except in the case of chloroform. Samples were then centrifuged at 
1,150 x g for 5 min and the upper aqueous phase discarded. Any remaining water 
was then removed from the sample with the addition of sodium sulphate. The 
remaining extract was then transferred to GC vials for GC-MS analysis.  
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An isotope-labelled derivative for each metabolite found in the sample was prepared 
via chemical derivatization of the pooled sample (algae/host) using isotope-labelled 
derivatizing reagents, namely deuterium-labelled methyl chloroformate (d-MCF) 
(MT001, Omics Ltd, Auckland, New Zealand) and deuterium-labelled methanol 
(methanol-d4). A 50 μL aliquot of the relevant d-MCF-derivatized pooled sample 
(symbiont/host) was then spiked into each of the MCF-derivatized samples prior to 
GC-MS analysis. 
2.2.5 GC-MS analysis 
GC-MS was used for identification, semi-quantitation and absolute quantitation of 
metabolites. This involved use of a Thermo Scientific Trace GC Ultra gas 
chromatograph coupled to an ISQ mass spectrometer with a programmable 
temperature vaporising (PTV) injector.  
GC-MS instrument parameters were based on Smart et al. (2010). Briefly, 1 μL of 
sample was injected using a CTC PAL autosampler into a Siltek™ 2 mm ID straight 
unpacked inlet liner.  The injector was set to 260°C, constant temperature splitless 
mode with a pressure surge of 180 kPa for 1 min, and column flow of 1.0 mL min-1 in 
constant flow mode.  Purge flow was set to 25 mL min-1, 1.2 min after injection.   
The column was a fused silica ZB-1701 30 m, 0.25 mm ID, 0.15 µm film thickness 
(86% dimethylpolysiloxane, 14% cyanopropylphenyl, Phenomenex). Carrier gas was 
ultra-high purity grade helium (99.9999%, BOC).  GC oven temperature 
programming started isothermally at 45°C for 2 min; increased 9°C min-1 to 180°C, 
held 5 min; increased 40°C min-1 to 220°C, held 5 min; increased 40°C min-1 to 
240°C, held 11.5 min; increased 40°C min-1 to 280°C, held 2 min. The transfer line to 
the MSD was maintained at 250°C, and the source at 230°C.  The detector was 
turned on 5.5 min into the run under electron-impact ionisation mode, at 70 eV 
electron energy, with the electron multiplier set with no additional voltage relative to 
the autotune value.  Solvent blanks were run for every 10-12 samples to monitor 
instrument carryover. Mass spectra were acquired in scan mode from 38 to 550 amu, 
at a rate of 5120 amu sec-1.   
2.2.6 Data analysis and validation  
Metabolite data extraction and analysis were undertaken based on the protocol 
described in Smart et al. (2010) with the use of Automated Mass Spectral 
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Deconvolution and Identification System (AMDIS) (http://chemdata.nist.gov/mass-
spc/amdis/) and R software, including the packages Metab, Metab-Q and PAPi 
(Aggio et al., 2010; Tumanov et al., 2015b), and the software package 
MetaboAnalyst (Xia et al., 2009; Xia et al., 2012). Compound identification was 
based on an in-house library of MS spectra. Derivative peak areas were used to 
quantify the concentrations of individual metabolites. MCF data were then 
normalized to the final area of the internal standard (d4-alanine) and sample fraction 
dry weight. For quantitative data, Metab-Q was used to extract abundances of 
analytes from chromatograms. Metab-Q is an in-house software written in R-
environment (http://www.r-project.org/) that generates a .csv file with individual 
analyte abundances using an AMDIS report. This script requires the XCMS library 
(Smith et al., 2006) and can process data files in NetCDF and mzXML formats. 
Metab-Q is a free software package that can be downloaded from the Metabolomics 
Laboratory webpage (The University of Auckland, New Zealand) 
(http://metabolomics.auckland.ac.nz/index.php/projects/26). Data were then 
normalised to sample dry weight. 
Data were tested for normality and homogeneity, and log transformed where 
appropriate. IBM SPSS Statistics (v20) was used for both repeated-measures 
ANOVA (RMANOVA) and ANOVA. RMANOVA was used to test for differences in 
maximum quantum yields between treatment groups and days (repeat 
measurements were from the same individuals, which were set aside in each 
treatment). ANOVA was used to test for differences in heat stress indicators between 
treatments and sampling days. Statistical significance between the abundance of 
metabolite treatment means was determined by univariate tests (t-test) in 
MetaboAnalyst. Differences were considered significant at the P < 0.05 probability 
level. Fold change (FC) analysis was used to compare the absolute value change 
between group means, before data normalization was applied. Principal components 
analysis (PCA) using the normalised, log-transformed and auto-scaled metabolite 
data was undertaken with MetaboAnalyst. PCA analysis was used to summarize the 
multivariate metabolite data, capturing the variables that explained the greatest 
variation (principal components, PC) in each treatment group. The key-contributing 
metabolites, as determined by their contribution to the PCA plots, can be identified 
by their loadings values, as summarised in the corresponding loadings plots.  
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Pathway activity analysis using the Pathway Activity Profiling (PAPi) package was 
undertaken to compare activities using the normalized and transformed metabolite 
data following the methods described in Aggio et al. (2010). Briefly, using the 
normalized abundance data for each treatment at day 6 as input, the PAPi package 
calculates activity scores of individual pathways from the Kyoto Encyclopedia of 
Gene and Genomes (KEGG) database. These activity scores are based on the 
relative changes in compounds (control vs treatment) associated with each pathway 
of interest. This algorithm is based on two main assumptions: i) if a given pathway is 
active in a cell or organism, more intermediates associated with that pathway will be 
detected; and ii) there will be a lower abundance of associated pathway 
intermediates, due to high turnover and vice versa during low activity (Aggio et al., 
2010). The resulting activity score therefore serves as an indicator of the likelihood 
that a pathway is active within a cell, or organism under a given condition, without 
the requirement for absolute quantitation such as during more detailed flux analysis. 
Resulting pathway activity scores were inverted to make interpretation in plotted 
figures more intuitive, i.e. an increase in activity score representing an increase in 
the predicted pathway activity. Independent sample t-tests (two-tailed) were used to 
test for differences between activity scores between treatment groups, with equal 
variance assumed.  
 
2.3 Results 
 
A total of 50 compounds comprised largely of amino and non-amino organic acids 
were identified via GC-MS analysis of the polar and semi-polar extracts of the 
dinoflagellate (symbiont) and cnidarian (host) fractions. These compounds consisted 
of 18 amino acids, 11 organic acids and amides, 3 monounsaturated fatty acids 
(MUFA), 12 polyunsaturated fatty acids (PUFA), 5 saturated fatty acids (SFA) and 1 
peptide (Table S2.1). 
2.3.1 Ambient metabolite profiles 
Under ambient conditions, symbiont and host profiles differed to a high degree (PC1, 
63.1%) in the relative composition of their free metabolite pools (Fig. 2.1; Table 
S2.2). Symbiont profiles were largely composed of a mix of SFAs, MUFA and PUFAs. 
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The most abundant of these - palmitic acid (C16_0), oleic acid (C18_1n) and 
11,14,17-eicosatrienoic acid (C20_3n) - were present at concentrations of between 
880 pg  μg-1 and 640 pg μg-1 symbiont dry weight. Those distinctive of the symbiont 
profile included the PUFAs 11,14,17-eicosatrienoic acid (C20_3n), gamma-linolenic 
acid (C18_3n), 13,16-docosadienoic acid (C22_2n), and 11,14-eicosadienoic acid 
(C20_2n), and the SFAs myristic acid (C14_0) and dodecanoic acid (C12_0) (Fig. 
2.1).  
Host profiles were dominated by a more diverse range of metabolite groups, 
including SFAs, MUFAs, organic acids and amino acids (Fig. 2.1; Table S2.2). The 
most abundant metabolite was the organic acid citrate, at 3270 pg μg-1 host dry 
weight, followed by the amino acid glutamic acid, the SFA C16_0 and the tripeptide 
glutathione, which ranged between 1800 pg μg-1 and 900 pg μg-1 host dry weight. 
Characteristic metabolites of the host profile included the tripeptide glutathione, the 
amino acids isoleucine, methionine, cysteine and serine, the organic acids itaconic 
acid and citric acid (Fig. 2.1).  
 
Fig. 2.1: PCA scores plot, with 95% confidence intervals (left) and loadings plot 
(right) of metabolite profile data for dinoflagellate symbiont (symbiont) and 
cnidarian host samples (host) under ambient conditions.  
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2.3.2 Heat stress indicators 
Exposure to 32°C for 6 days resulted in significant declines in the maximum quantum 
yield of PS II (Fv/Fm; Fig. 2.2), which differed with treatment (RMANOVA, time x 
temperature F6,108 = 12.93, P  < 0.001). After 6 days, Fv/Fm within the treatment group 
declined ca. 25% to 0.49 ± 0.04, compared to 0.64 ± 0.02 in the control.  
 
Symbiodinium cell density also declined significantly in the heat treatment group 
(one-way ANOVA, F3,20 = 23.283, P < 0.001). Elevated temperature treatment 
caused a 69% reduction in symbiont density after 6 days (from 4.79 x106 cells mg-1 
protein ± 3.42 x105 S.E. to 1.46 x106 cells mg-1 protein ± 1.55 x105 S.E.), while there 
was no significant decline in the control (Tukey HSD post hoc, P = 0.992). 
Chlorophyll a concentration per cell, however, remained unaffected by temperature, 
with values ranging from approximately 1.21 to 0.82 pg chl a cell-1 (one-way ANOVA, 
F3,20 = 1.295, P = 0.304). 
 
Fig. 2.2: Daily measurements of maximum quantum yield (Fv/Fm) of 
photosystem II of individuals (n = 10 per treatment) at 25°C and 32°C.  Values 
are mean ± S.E.M. Asterisks denote significant results between treatments at each 
time point, RMANOVA, pairwise post-hoc with Bonferroni correction, * P < 0.05, *** P 
< 0.001.  
 
2.3.3 Heat treatment metabolite profiles 
For both symbiont and host, heat treatment caused a shift in metabolite profile, as 
indicated by the clear separation of the 6 d heat treatment groups within the PCA 
score plots (Fig. 2.3). For the symbiont, the heat treatment group was separated 
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along the negative axis of both PC1 and PC2 (PC 1, 72.3%, PC2, 11.7%) (Fig. 2.3). 
For the host fraction, the greatest variance in the data set was accounted for by 
within-group variability (PC 1, 52.7%), heat treatment explained a second level of 
variance in the data set (PC 2, 16.4%) (Fig. 2.3). Metabolite profiles of the 6 d 
controls and 0 d pre-heat treatment groups closely resembled one another, as 
reflected in their similar principal component scores and the spatial overlap of these 
groups in the PCA score plots.  
 
Fig. 2.3: Symbiont (A) and host (B) PCA score plots, with 95% confidence 
intervals (left) and metabolite loadings plots (right).  0C, day 0 control; 0HS, day 
0 heat stress; 6C, day 6 control; 6HS, day 6 heat stress.  
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2.3.4 Heat responsive metabolites in the symbiont 
The metabolites contributing the greatest to the heat treatment effect in the symbiont 
metabolite pools are summarised in Fig. 2.4. Briefly, they include the organic acid 
succinic acid and the amino acids valine, norvaline, threonine and methionine (Fig. 
2.4). Those typical of the control included the saturated fatty acids myristic acid 
(C14_0) and dodecanoic acid (C12_0).  
 
 
Fig. 2.4: Symbiont PCA score plots, with 95% confidence intervals (left) and 
metabolite loadings plots (right).  6C, day 6 control; 6HS, day 6 heat stress.  
 
With respect to quantitative data of individual compounds, significant concentration 
increases and fold changes were detected for multiple metabolite groups (Table 
S2.3). Notably, the organic acids lactate, fumarate, citrate and succinate, the amino 
acids glycine, beta-alanine, threonine, valine, norvaline and methionine, and the 
PUFAs alpha- and gamma-linolenic acid (C18_3n) and 11,14,17-eicosatrienoic acid 
(C20_3n) (Fig. 2.5).  
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Fig. 2.5: Concentration of individual compounds in symbiont free fatty acid 
pools per µg dry weight during ambient conditions (25°C) and following 
exposure to thermal stress (32°C for 6 d) from the anemone Aiptasia sp.  t-test 
concentration x treatment, * P < 0.05  
 
As a result of these relative alterations in pools between ambient and heat stress 
groups, multiple activity changes to downstream networks were estimated, especially 
those associated with central metabolism, fatty acid metabolism and cellular 
homeostasis (Fig. 2.6). Principally, activity reductions for pathways associated with 
glycolysis, oxidative phosphorylation and the TCA cycle. Coupled to these 
modifications to central metabolism, declines in the activity of biosynthesis pathways 
for a number of amino acids and fatty acids were estimated. A reduction in the on-
going metabolism of a number of amino acids and cellular antioxidants including, 
glutathione and nicotinamide was also estimated and therefore considered indicative 
of accumulations of these groups with thermal stress.  
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Fig. 2.6: Relative change in key symbiont metabolite pathway activities 
following 6 days of heat stress at 32°C.  (PAPi activity analysis 6 d control v 6 d 
heat treatment, t-test activity score x treatment, 2-tailed ** P < 0.005, * P < 0.05).  
 
2.3.5 Heat responsive metabolites in the host 
Key metabolites that contributed to the metabolite profile of thermally-stressed 
anemone tissues included the SFA dodecanoic acid (C12_0), the nucleotide 
precursor nicotinamide, the tripeptide glutathione, and the organic acids lactate and 
fumarate (Fig. 2.7 and Fig. 2.8).  
 
Fig. 2.7: Host PCA score plots, with 95% confidence intervals (left) and 
metabolite loadings plots (right).  6C, day 6 control; 6HS, day 6 heat stress.  
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Similarly, significant concentration increases and fold changes were detected for the 
same compounds, in addition to the amino acids alanine and glutamic acid (Table 
S2.4).  
 
Fig. 2.8 Concentration of individual compounds in host free fatty acid pools 
per µg dry weight during ambient conditions (25°C) and following exposure to 
thermal stress (32°C for 6 d) from the anemone Aiptasia sp.  t-test concentration 
x treatment, * P < 0.05  
 
Alterations to pathway turnover were estimated for a number of central networks as 
a result of temperature treatment (Fig. 2.9). Briefly, relative increases in pathways 
linked to the generation of energy via gluconeogenesis, namely the TCA cycle, CoA 
biosynthesis and oxidative phosphorylation were estimated, coupled to declines in 
glycolysis and pyruvate metabolism. These alterations coincided with increased 
activity of the metabolism of a number of fatty acids and amino acids. Increased 
activity of networks associated with lipid signalling pathways were also detected, 
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namely those associated with the oxidation of the fatty acids arachidonic acid 
(C20_4) and linoleic acid (C18_2). Correspondingly, reduced metabolism of cellular 
antioxidants, including glutathione and thiol-containing amino acids were estimated 
indicative of accumulations of these groups in the heat stressed host.  
 
Fig. 2.9: Relative change in key host metabolite pathway activities following 6 
days of heat stress at 32°C (PAPi activity analysis 6 d control v 6 d heat treatment, 
t-test activity score x treatment, 2-tailed ** P < 0.005, * P < 0.05).  
 
2.4 Discussion 
 
This study characterised metabolite profiles, in both partners of a model cnidarian-
dinoflagellate symbiosis, during ambient conditions and following exposure to 
elevated temperature. Heat treatment (32°C for 6 days) resulted in thermal stress 
and breakdown of the symbiosis (bleaching). Marked, thermally induced changes in 
the pools of intracellular free metabolites in both partners were observed. Associated 
with these modifications, alterations to the activities of central metabolic pathways, 
such as glycolysis and gluconeogenesis were identified, in addition to those 
associated with nitrogen assimilation, biosynthesis, cellular homeostasis and cell 
signalling (Fig. 2.10).  
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Fig. 2.10: Summary of major metabolic pathways in the dinoflagellate symbiont 
during photosynthetic conditions and functional symbiosis (A) and potential 
modifications during thermal stress and photoinhibition (B).  Dotted lines 
denote a reduction in associated pathway activity. PPP Pentose phosphate pathway.   
 
2.4.1 Changes to specific metabolite groups and pathways in response to heat 
stress 
 
Fatty acids 
Fatty acids and lipids are synthesised de novo by ligation of acetyl-CoA, via the 
action of elongase enzymes (Tumanov et al., 2015a). Synthesis pathways vary 
between species, and autotrophic and heterotrophic organisms have different 
abilities to produce specific fatty acid groups (Dunn et al., 2012; Leal et al., 2013). 
Fatty acids and lipids play major roles in the functional cnidarian-dinoflagellate 
symbiosis, acting directly in the primary metabolism of both partners and mobile 
compound exchange between partners (Patton et al., 1977; Kellogg and Patton, 
1983; Imbs et al., 2014; Kopp et al., 2015). As major energy stores in the 
dinoflagellate symbiont, lipid and fatty acid pools are also indicative of carbon to 
nitrogen ratios (C:N), cell proliferation and the status of on-going nitrogen 
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assimilation (Wang et al., 2013; Jiang et al., 2014) (Fig. 2.10). Free fatty acid pools 
also function in cellular homeostasis, with highly conserved roles in membrane 
structure, function and cell signalling (Díaz-Almeyda et al., 2011; Dunn et al., 2012). 
Correspondingly, in the present study a high diversity and abundance of free SFAs, 
MUFAs and PUFAs were detected in the free fatty acid pools of both partners, in 
ambient and heat stressed conditions. Under ambient conditions, many of these 
compounds were found at relatively high abundance in both partners (C16_0, C18_0, 
C18_1), although the relative contributions of individual compounds differed in each 
partner (e.g. C22_2:C22_5 ratio). Multiple fatty acids (primarily DHA, C22_6n) were 
also detected in host pools that are characteristic of the mobile products of the 
dinoflagellate symbionts (Dunn et al., 2012; Kneeland et al., 2013), and vice versa 
(DPA, C22_5n) (Imbs et al., 2014).  
A large reduction (ca. 25%) in the maximum quantum yield of PS II, suggests a 
significant degree of photoinactivation and/or photoinhibition in the dinoflagellate 
symbiont (Warner et al., 1999; Hill et al., 2004). Photoinhibition will likely result in a 
net reduction in the generation of cellular energy (ATP and NADPH) and an increase 
in ROS production in the dinoflagellate (Jones et al., 1998; Smith et al., 2005). This 
will impact the free fatty acid pools of both symbiont and host in a number of 
complex ways. Firstly, there will be a shift in metabolic modes from those which 
generate, rather than consume ATP. One such important mechanism for energy 
generation is gluconeogenesis, where energy stores are catabolised to produce ATP. 
Lipids are broken down via beta-oxidation to produce acetyl-CoA, which is in turn fed 
into the TCA cycle generating ATP (Grottoli and Rodrigues, 2011; Imbs and 
Yakovleva, 2012) (see organic acids below). Although total lipids, which comprise 
the entirety of lipid stores were not analysed, free pools of polar and semi-polar fatty 
acids comprise a major fraction (Imbs and Yakovleva, 2012; Jiang et al., 2014).  
Associated with photoinhibition and this energy deficit, a negative trend in pools of a 
number of SFAs was detected in the symbiont (C12_0 and C14_0). As both fatty 
acids are commonly associated with lipid stores of Symbiodinium (Patton et al., 
1977; Kellogg and Patton, 1983), these relative reductions may be indicative of 
increased turnover and/or a decline in fatty acid elongation and lipogenesis in the 
heat stressed symbiont.   
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A decline in de novo lipogenesis pathways, which consume ATP and a reduction in 
downstream translocation of these mobile products to the host would also be 
expected under thermal stress and photoinhibition (Papina et al., 2007; Imbs and 
Yakovleva, 2012) (Fig. 2.10). Correspondingly, accumulations of multiple long-chain 
PUFA intermediates were detected in symbiont FA pools. Concomitantly, in host 
pools reductions of multiple long-chain PUFAs were detected, which are considered 
characteristic of symbiont-derived mobile products (such as DHA) (Papina et al., 
2003; Kneeland et al., 2013). In the host a trend of increased activity of the TCA 
cycle and the production of acetyl-CoA was also estimated, consistent with a decline 
in mobile product translocation and an increase in the activity of this energy-
generating network (Papina et al., 2007; Imbs and Yakovleva, 2012). An additional 
explanation for the observed accumulations in symbiont pools, is translocation of 
host-derived PUFAs (Imbs et al., 2014). Host-derived compounds include the long-
chain PUFAs DPA (C22_5n) and linoleic acid (C18_2n) and the SFA arachidic acid 
(C20_0), all of which were also detected in symbiont pools in the present study. 
Interestingly, symbiont pools of DPA were also elevated with thermal stress, 
indicative of either a reduction in its metabolism and/or increased translocation of 
this compound during thermal stress.  
A reduction in electron transport rate within the symbiont chloroplast as a result of 
photoinactivation and/or photoinhibition will also necessitate an alternative sink for 
electrons; a major mechanism in Symbiodinium is via the Mehler reaction (Reynolds 
et al., 2008; Roberty et al., 2014). This pathway in turn produces high levels of 
cellular ROS, in the form of relatively persistent hydrogen peroxide, which can result 
in damage to the lipid bilayer of cell membranes (Tchernov et al., 2004). PUFAs in 
particular are considered sensitive to both peroxidation and photo-oxidation 
(Tchernov et al., 2004; Papina et al., 2007). During prolonged oxidative stress, 
where antioxidant defences are overwhelmed, there will be increased oxidation of 
PUFAs to oxylipins, which are highly unstable and result in further damage (Gill and 
Tuteja, 2010). As a result, many oxylipins function as conserved messenger 
molecules in stress signalling, programmed cell death and defence responses 
(Savchenko et al., 2010). More specifically, the eicosanoid pathway (of which C20_4 
is a major substrate) functions in this stress-signalling cascade, a process also 
recently described in the soft coral Capnella imbricata (Lõhelaid et al., 2015). The 
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observed reductions of C20 PUFAs in host pools can therefore be considered 
indicative of prolonged oxidative stress and highlight the possibility that oxylipin-
based signalling cascades may also operate in Aiptasia.  
Increased saturation of the cell lipid bilayer functions in thermal acclimation directly 
and indirectly, by increasing stability and protecting it against damage by ROS 
(Pearcy, 1978; Tchernov et al., 2004; Papina et al., 2007). A positive trend in the 
pools of the major SFAs C16_0 and C18_0 was detected, in addition to C18_1 in 
both partners. However, with the methods applied it was not possible to establish if 
these changes were associated with modifications to cell membranes, or simply a 
reflection of altered fatty acid metabolism, or a combination of the two. Increasing 
membrane saturation is energetically costly, however, consuming ATP to break and 
re-form lipid structures; it may also be dependent on cell-type (Díaz-Almeyda et al., 
2011). In contrast, relatively thermally resistant Symbiodinium types may actively 
increase pools of PUFAs (Díaz-Almeyda et al., 2011). As the process of fatty acid 
desaturation is also in itself an aerobic reaction, desaturation, elongation and 
isomerisation may simultaneously reduce cellular oxidative stress and reduce 
peroxidation, thereby providing an additional mechanism for membrane stabilization 
(Guerzoni et al., 2001; Díaz-Almeyda et al., 2011). However, as PUFAs are in 
themselves susceptible to peroxidation by ROS, this response will only be effective 
as long as antioxidant responses are maintained. In agreement with Díaz-Almeyda 
et al. (2011), elevated pools of multiple PUFAs in the symbiont were detected 
following exposure to thermal stress. The homologous Symbiodinium type in the 
present study (B1) has previously been shown to be moderately robust to thermal 
and oxidative stress (Wietheger et al., 2015), and a similar mechanism may 
therefore operate in this symbiont. This process of PUFA accumulation is also 
common in dinoflagellates under nitrogen limitation, as C:N ratios become elevated, 
and may therefore also be indicative of reductions in nitrogen assimilation (see 
amino acids below) (Wang et al., 2015).  
Amino acids 
Amino acids pools not only function in biosynthesis, growth and respiration via 
gluconeogenesis, but their exchange as mobile compounds is also thought to play a 
role in maintaining the functional symbiosis (Livingstone, 1991; Wang and Douglas, 
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1999; Butterfield et al., 2013). Inorganic nitrogen is directly assimilated in both 
symbiont and host from ammonium and nitrate (Miller and Yellowlees, 1989; Pernice 
et al., 2012). Nitrate must first however be reduced by nitrate reductase, a process 
using reduced ferredoxins (Fd) from the photosynthetic transport chain, or NAD(P)H 
(in non-photosynthetic organisms) (Dagenais-Bellefeuille and Morse, 2013). 
Ammonium is then assimilated via the glutamine synthetase/glutamine:2-
oxoglutarate aminotransferase (GS/GOGAT) cycle (Pernice et al., 2012). In this 
cycle, ammonium is added to glutamine (Gln) to produce glutamate (Glu), 
consuming ATP, Glu is then reduced back to Gln with either reduced-Fd, or 
NAD(P)H (Dagenais-Bellefeuille and Morse, 2013). The abundance of Glu and Gln 
can therefore serve as a sensitive indicator of nitrogen assimilation in the symbiosis 
(Pernice et al., 2012) (Fig. 2.10). The capacity to assimilate nitrogen in this way is 
present in both symbiont and the host, however the process is much more rapid in 
the dinoflagellate (Swanson and Hoegh-Guldberg, 1998; Pernice et al., 2012). 
Following assimilation by the symbiont, synthesised amino acids will therefore have 
a number of fates, where they may be: (1) used in the production of other amino 
acids and proteins; (2) directly metabolised via the TCA cycle (see organic acids 
below); (3) translocated to the host; or (4) metabolised in the purine pathway (Wang 
and Douglas, 1999; Pernice et al., 2012).  
Thermal stress resulted in a number of changes to the amino acid pools of both 
symbiont and host, reflecting modifications to the activity of nitrogen assimilation and 
the downstream fate of assimilated compounds. Firstly, Glu accumulated in symbiont 
pools (and to a lesser extent in pools of the host). As nitrogen assimilation consumes 
ATP and requires reduced-Fd, photoinhibition is likely to result in a decline in the 
activity of this process, with the accumulation of the non-reduced intermediate Glu in 
symbiont pools as a result. Accumulations in symbiont pools of numerous other 
amino acid groups were also detected, these included isoleucine and valine, which 
under functional conditions are thought to be synthesised by the symbiont and 
translocated to the host (Wang and Douglas, 1999). Accumulations of these amino 
acids are therefore once again likely to be indicative of a reduction in the activity of 
ATP consuming biosynthesis pathways, such as transamination and protein 
synthesis and of declines in downstream mobile product translocation to the host, 
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coupled to increases in ATP generating pathways such as the breakdown of proteins 
during gluconeogenesis (Wang and Douglas, 1998; Whitehead and Douglas, 2003).  
Of note was the accumulation of thiols, or the sulphur-containing amino acids, 
cysteine and methionine, in the symbiont pools with heat stress. This group has a 
number of highly conserved secondary functions, which include acting as ROS 
scavengers and redox sensors (Mayer et al., 1990), and may therefore perform a 
similar function in the symbiont under thermal and oxidative stress.  
Organic acids, intermediates and antioxidants 
Organic acids and pathway intermediates play essential roles in central metabolic 
pathways, including the TCA cycle, glycolysis, oxidative phosphorylation, the 
pentose phosphate pathway and gluconeogenesis (Livingstone, 1991; Ganot et al., 
2011; Butterfield et al., 2013). They also have important functions in the production 
of co-enzymes, antioxidants, and as signalling molecules (Kruger et al., 2011). Heat 
treatment induced changes in these pools in both partners of the symbiosis. Most 
notably, increases of intermediates linked principally to glycolytic pathways and 
pyruvate metabolism were observed, in both symbiont and host. In glycolysis, 
glucose is broken down into pyruvate, which is eventually fed into the TCA cycle to 
generate energy (ATP) (Fernie et al., 2004). In the symbiont, reductions in pathway 
activities linked to modes of carbohydrate metabolism are likely to reflect the 
downstream results of photoinhibition (Lesser, 1997). Declines in the host would 
further imply that, under heat stress, carbohydrate pools were also diminished, most 
likely because of reduced translocation from the symbiont (Clark and Jensen, 1982; 
Loram et al., 2007) (Fig. 2.10).  
However, in the host fraction reductions in pools of intermediates linked to other 
aspects of central metabolism were also detected, namely the TCA cycle and 
oxidative phosphorylation, suggesting increased turnover of these networks. These 
shifts are likely due to the ongoing energetic costs associated with maintaining 
homeostasis under elevated temperature, such as modifications to the structure of 
cell membranes, which in turn necessitate the generation of energy from alternate 
pathway modes (as discussed above) (Coles and Jokiel, 1977; Clark and Jensen, 
1982), such as via gluconeogenesis and beta-oxidation, in the breakdown of proteins 
and lipids (Lehnert et al., 2014).   
75 
 
Also of note was the accumulation of nicotinamide in both partners (Fig. 2.3). This 
compound is the precursor to the essential coenzymes nicotinamide adenine 
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP). 
These coenzymes facilitate many oxidation and reduction reactions in living cells, 
which include linking the TCA cycle and oxidative phosphorylation (Berglund and 
Ohlsson, 1995). In Symbiodinium, as in other primary producers, NADP+ is a major 
acceptor of electrons in PS I (Takahashi and Murata, 2008). In higher plants, 
nicotinamide has been identified as a signal molecule of DNA damage and oxidative 
stress, which facilitates a number of defence-related metabolic reactions (Berglund, 
1994; Berglund and Ohlsson, 1995). A similar defence and signalling mechanism 
may also function in the cnidarian-dinoflagellate symbiosis, though this awaits 
confirmation. In addition, pools of the antioxidant compound glutathione were 
elevated in both partners. Glutathione is a tripeptide antioxidant that serves as an 
important electron donor during oxidative stress in Symbiodinium (Lesser, 2006; 
Krueger et al., 2014) and in the cnidarian host (Downs et al., 2002; Desalvo et al., 
2008; Sunagawa et al., 2008), consistent with the findings of this study.  
 
2.5 Conclusions 
 
Free metabolite pools and mobile compound exchange between symbiotic partners 
are essential to the functional cnidarian-dinoflagellate symbiosis. Primary 
metabolites function directly in central metabolism, and in cellular acclimation and 
homeostasis. Prolonged exposure to elevated temperatures above critical 
temperature thresholds results eventually in symbiont photoinhibition, bleaching and 
distinct changes in the metabolite profiles of both symbiont and host. These 
modifications are associated with declines in carbon fixation, altered metabolic mode, 
declines in mobile product translocation, and acclimation responses to thermal and 
oxidative stress. These data provide further insight into the differing cellular 
responses of symbiont and host to these abiotic stressors during bleaching in a 
model system for reef-building corals. The outputs of this study also generate a 
number of hypotheses that warrant further study. For instance, the roles of free 
metabolite pools in stress signalling cascades and signal transduction, within and 
between partners. This study also highlights the need for further investigation into 
76 
 
the primary metabolic networks of both partners in the symbiosis, where major gaps 
still remain. 
 
2.6 The application of metabolomics to coral reef studies 
 
Clearly a major strength of metabolomics-based techniques lies in the capacity to 
simultaneously detect subtle changes in a large variety of small compounds, with 
little a priori knowledge of the metabolite pools under investigation. As these pools 
have important and conserved roles in respiration, growth, cellular homeostasis and 
signalling, quantitative insight can be gained into the activity of these networks. 
However, in many cases direct evidence from the cnidarian-dinoflagellate symbiosis 
is still lacking and further targeted studies are therefore required to test the roles of 
many compounds in the cellular responses of both partners. For instance, a more in-
depth understanding of the cell-signalling network is essential, if we are to better 
understand how the holobiont detects, communicates and responds to stress. These 
data may also prove useful in the development of metabolite markers of thermal and 
other abiotic stressors that can be used for monitoring of the symbiosis and of coral 
reef systems. Further studies that apply high-resolution visualisation of metabolite 
pools, such as nanoscale secondary ion mass spectrometry (NanoSIMS), coupled 
with stable isotope tracers will serve to provide further insight into the potential roles 
of free metabolites in differing compartments of the holobiont. These data, coupled 
with the ongoing outputs from rapidly developing ‘omics’ studies (genomics, 
transcriptomics, proteomics and metabolomics) will aid in further elucidating the 
metabolic cross-talk both within and between partners, which is essential for 
maintaining the functional holobiont.  
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Chapter 3 Metabolite profiling of symbiont and host during thermal stress 
and bleaching in the coral Acropora aspera 
 
3.1 Introduction  
Reef-building corals are formed by a complex intracellular symbiosis between 
dinoflagellate algae (genus Symbiodinium) and cnidarian host. In symbiosis, the 
algae are encapsulated in a host-derived membrane, the symbiosome, located within 
host gastrodermal cells (Wakefield and Kempf, 2001). The successful persistence of 
this complex partnership is based on the bi-directional exchange of nutrients, 
principally inorganic, from host to algae (dissolved inorganic carbon (DIC), dissolved 
inorganic nitrogen (DIN) and phosphorus) and organic from algae to host 
(carbohydrates, amino acids and lipids) (Muscatine and Hand, 1958; Yellowlees et 
al., 2008; Davy et al., 2012). Translocation mechanisms between partners are 
thought to include membrane-bound active transporters (such as ABC transporters), 
aided via enzymes (carbonic anhydrases and H+ ATPase) and a proton gradient 
across the symbiosome membrane (Peng et al., 2010; Barott et al., 2015). In 
addition, a specific suite of associated microbes is also thought to contribute to these 
nutritional interactions, forming the coral ‘holobiont’ (Rohwer et al., 2002; Rosenberg 
et al., 2007). Under suitable conditions, this efficient exchange of mobile compounds 
within the coral holobiont drives photosynthesis and nitrogen assimilation in the 
symbiont, and fuels growth, calcification and successful reproduction in the host 
(Muscatine and Cernichiari, 1969; Yellowlees et al., 2008). 
The coral symbiosis is, however, increasingly under the influence of thermal stress, 
associated with rising seawater temperatures (Hoegh-Guldberg, 1999; Hughes et al., 
2003). Prolonged exposure to elevated temperature results in increased damage to 
the machinery of photosystem II (PS II) in the symbiont chloroplast, principally at the 
D1 protein and thylakoid membranes (Lesser, 1996; Warner et al., 1999; Takahashi 
and Murata, 2008). Eventually, repair mechanisms are inhibited and overwhelmed, 
leading to declines in carbon fixation (photoinhibition) (Murata et al., 2007; 
Takahashi and Murata, 2008). During photoinhibition, a variety of potentially 
damaging reactive oxygen species (ROS) are overproduced, principally at energy-
generating sites, such as PS I and II, mitochondria, and the electron transport chain 
(Dat et al., 2000; Lesser, 2006). However, during thermal- and light-stress, the main 
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source of ROS production in the symbiont is associated with alternative electron 
transport flows, which divert excess energy away from the chloroplast during the 
Mehler reaction (Jones et al., 1998; Roberty et al., 2014). Additionally ROS are 
produced at a number of cell sites, such as the mitochondria and microbodies during 
cellular respiration (Lesser, 2006), turnover of which is enhanced in both partners 
during thermal stress (Jokiel and Coles, 1990). As charged molecules, most species 
of ROS are unable to permeate the lipid bilayer, and they therefore accumulate at 
sites of ROS production, causing lipid peroxidation, DNA damage and modifications 
to cellular proteins (Lesser, 2006; Gill and Tuteja, 2010). Eventually, increased cell 
death will occur via mechanisms such as necrosis and apoptosis (Dunn et al., 2004; 
Weis, 2008). In corals, this prolonged thermal stress will result eventually in 
dysfunction of the symbiotic relationship and the loss of algal cells via coral 
bleaching (Weis, 2008). Prolonged, severe and repeated bleaching episodes have 
major impacts on the resilience of coral reefs, and have principally driven major 
losses in live coral globally (Hoegh-Guldberg, 1999; Hughes et al., 2003).  
Photoinhibition will also lead to modifications in central metabolism and mobile 
compound exchange between symbiotic partners (Clark and Jensen, 1982; Smith et 
al., 2005). Declines in carbon fixation will necessitate the generation of energy from 
alternative sources in the symbiont, leading to increases in the turnover of alternative 
networks and a net reduction in the biosynthesis of end products for translocation to 
the host (Clark and Jensen, 1982; Jokiel and Coles, 1990). Correspondingly, the 
host must meet the deficit of increased energetic costs associated with maintaining 
homeostasis, with an increase in heterotrophy, and the catabolism of lipid and 
protein stores (Grottoli et al., 2004; Grottoli et al., 2006). Free metabolite pools will 
also play an important role in maintaining cellular homeostasis in both symbiotic 
partners, primarily as antioxidants (sulphur-containing amino acids, organic acids 
and vitamins) and as compatible solutes (polyols, sugar alcohols) (Brown, 1997a; 
Lesser, 2006; Baird et al., 2009a). In addition, a number of compounds (oxylipins 
and oligosaccharins) are known to function in combination with ROS, as highly 
conserved cellular-damage signals in a range of systems (Field, 2009; Brosché et al., 
2010; Lõhelaid et al., 2015). Similarly, free metabolite pools will also function as 
intermediates in the de novo production of secondary compounds central to cellular 
acclimation, such as heat shock proteins (HSPs), fluorescent proteins, hormones 
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and pigments (carotenoids and mycosporine-like amino acids) (Lesser, 2006; Baird 
et al., 2009a; Gill and Tuteja, 2010). However, major gaps remain in our 
understanding of this metabolic network in the coral holobiont. Insufficient data in the 
‘omics’ fields (genomics, transcriptomics, proteomics and metabolomics) from the 
cnidarian-dinoflagellate symbiosis also impede the identification of pathways and 
small compounds, which likely play important roles in these metabolic responses. 
Greater knowledge of the cellular mechanisms invoked in each partner during 
acclimation, enhanced thermal resistance and therefore long-term resilience of the 
symbiosis are also essential, if we are to better understand how the symbiosis will 
persist into the future.  
Comparative and quantitative GC-MS based metabolomics allow the rapid, 
repeatable and low-cost detection of multiple small compounds in a single sample 
(Villas-Bôas et al., 2005). The majority of these compounds are primary metabolites, 
which are readily identifiable by this method and have highly conserved roles in 
cellular metabolism and homeostatic networks (Wahid et al., 2007; Guy et al., 2008). 
As such, it is possible to rapidly detect, identify and quantify changes in these 
compounds and the activity of associated pathways in response to a given stressor 
(Viant, 2007). An additional strength of this untargeted process is the capacity to 
detect changes to compounds and networks, which may warrant further investigation 
in the coral holobiont. The focus of this study was to identify and quantify compounds 
in the free pools of the dinoflagellate symbiont (Symbiodinium ITS 2 type C3) and its 
host, the common reef-building coral Acropora aspera, that are responsive to 
thermal stress, and early- and late-phase coral bleaching. The outputs of this study 
therefore provide further insight into the cellular mechanisms invoked by each 
partner during exposure to these conditions and the associated energetic costs. 
These data also further our understanding of the roles of metabolic networks in a 
number of a key aspects, such as the maintenance of cellular homeostasis, damage 
signalling and signal transduction in the coral holobiont. 
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3.2 Materials and Methods  
3.2.1 Collection and maintenance of specimens  
Fragments (a maximum of 8 cm in length) of the coral Acropora aspera (light blue 
colour morph) were collected from Heron Island reef flat (Great Barrier Reef (GBR), 
Australia; 23°26’43”S, 151°54’53”E) at low tide under GBR Marine Permit 
G14/36933.2 between 27th-29th March 2015. Fragments (n = 9 per colony) were 
sampled from the unshaded upper branches of six replicate colonies (in total 
amounting to no more than 5% of the donor colony). Replicate colonies were 
separated by a minimum of 10 m to increase the likelihood of sampling different host 
genotypes.  
Replicate fragments were mounted using light-diffusing egg-crate and acclimated for 
10 days in four experimental aquaria (60 L). Continuous seawater flow-through (ca.  
4 L min-1) was provided from Heron Island reef flat. Aquaria were covered with shade 
cloth to reduce midday irradiance (ca. 500-1500 μmol photons m-2 s-1). Additional 
water movement was provided in each aquarium by small submersible pumps.  
Following acclimation, two aquaria were heated to 32°C ± 1°C, at a rate of 1°C per 
day. The treatment temperatures were maintained for a period of 8 days during 
daylight hours, but allowed to cool to 28°C ± 1°C overnight in order to more closely 
represent natural bleaching conditions of the reef flat (http://data.aims.gov.au/). Two 
aquaria were left at the ambient temperature of 27°C ± 3°C. Light and temperature 
data in each tank were recorded every 10 min by HOBO data loggers (Onset 
Computer Corporation, Bourne, MA, USA). 
Daily measurements of maximum (dark-adapted) quantum yields of the efficiency of 
PS II were taken using pulse amplitude modulation fluorometry (Diving-PAM, Walz, 
Effeltrich, Germany). Maximum yields were taken 30 min after last light. Presented 
values are based on means of triplicate measurements taken from each colony 
representative (n = 6, one per colony, per treatment) designated for PAM sampling. 
PAM settings were maintained over the course of the experiment at: measuring light 
4, saturation intensity 4, saturation width 0.6 s, gain 1 and damping 2, with the use of 
the measuring-light burst function. Measurements were taken at a standard distance 
of 5 mm from each sample.  
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3.2.2 Sampling for metabolite analysis 
One fragment per colony was sampled from the ambient treatment at 0 d, after which 
one fragment per colony per treatment was sampled at two time-points, at 6 d and 8 
d of exposure to treatment temperatures. Sampling was undertaken just before 
midday on each sampling day. Sampling involved the removal of individual nubbins 
from mounts and immediate immersion in liquid nitrogen This process was 
completed in less than 5 s. Samples were then immediately transferred for storage in 
a -80oC freezer, until transport via dry shipper to the University of Melbourne for 
fragment processing.  
3.2.3 Fragment processing 
Tissue was removed from the coral fragments via airbrush into 50 mL of chilled 
MilliQ ultrapure water (MQ) at 4°C, in a 4°C environment. The tissue suspensions 
were then homogenised with a saw-tooth homogeniser (Ystral D-79282, Ballrechten-
Dottingen, Germany) for 10 s at a mid-speed setting.  
Three 1 mL aliquots were removed for Symbiodinium cell counts, photosynthetic 
pigment analysis and dominant Symbiodinium genotyping. The remaining tissue 
homogenate was centrifuged (2,500 x g for 5 min at 4°C) to separate Symbiodinium 
cells from the host material.  
The supernatant comprising the host material was removed and re-centrifuged to 
pellet any remaining algal material (2,500 x g for 5 min at 4°C). The resulting 
supernatant, comprising the purified host material, was then immediately frozen at    
-80°C and freeze-dried (Alpha 1-4 LD Plus, Martin Christ, Osterode am Harz, 
Germany). The Symbiodinium pellet was washed twice with chilled MQ at 4°C, by 
repeated centrifugation (2,500 x g for 5 min at 4°C), to remove host material. The 
purified pellet was then frozen at -80°C and freeze-dried. Once fully dry, each 
fraction was weighed out (15 mg of symbiont fraction and 30 mg host fraction) into 
1.5 mL microcentrifuge tubes, ready for metabolite extraction.  
3.2.4 Intracellular metabolite extraction  
For host samples, 750 μL of 100% cold MeOH (at -20°C) were added to extract the 
semi-polar metabolites. Methanol contained internal standards (IS) of 1% D-Sorbitol-
1-13C (Sigma-Aldrich, Auckland, New Zealand). Samples were then sonicated for 30 
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min at 4°C, vortexed to mix, and the semi-polar extract separated from the tissue 
debris via centrifugation (3,060 x g for 30 min at 4°C). 
For algal samples, lysis of the Symbiodinium cell wall was achieved via bead-milling. 
Acid-washed glass beads (approximately 20 mg of 710–1,180 μm; Sigma-Aldrich, 
Auckland, New Zealand) and 200 μL of 100% cold MeOH (at -20°C) were added to 
each sample. Bead-milling (Tissuelyser II, Qiagen Inc., Hilden, Germany) was for     
4 min at a frequency of 30 Hz. Visual counts (haemocytometer) of trial samples 
confirmed cellular disruption (over 90% of cells). A further 550 μL of 100% cold 
MeOH (plus IS at -20°C) were then added to each sample. The samples were then 
centrifuged (3,000 x g for 30 minutes at 4°C) to separate the semi-polar extract from 
the cell debris. The supernatants were collected and stored on ice.  
For both host and symbiont samples, a second extraction of the cell debris was then 
undertaken with 750 μL 50% MeOH (at -20°C), in order to extract the polar fraction. 
The samples were vortexed to mix and re-centrifuged (3,000 x g for 30 minutes at 
4°C). The supernatant, comprising the polar fraction, was removed and the polar and 
semi-polar extracts were combined and centrifuged at 21,200 x g for 5 min at 4°C to 
precipitate any particulates. Aliquots of each sample (200 μL of host and 150 μL of 
symbiont) were then concentrated via speedvac (Christ, RVC 2-33, John Morris 
Scientific, Melbourne, Australia) at 30°C until fully dry.  
3.2.5 Calibration standard sample preparation  
Calibration standards were prepared following the methods described in Dias et al. 
(2015). Twenty-eight sugars, sugar phosphates, sugar acids, and sugar alcohols, as 
well as twenty organic acids were purchased from Sigma–Aldrich (Australia). Stock 
solutions at 10 mM concentration were prepared for each individual standard except 
for 2-ketogluconic acid, for which a 2 mM stock solution was prepared. Aliquots (160 
μL) of each sugar standard were subsequently pooled to reach a final volume of   
4.48 mL. A 520 µL aliquot of 50% aqueous mixture of methanol was then added to 
the pooled sugar standards, resulting in a final volume of 5 mL and final 
concentration of 320 µM. For organic acids, 160 µL of each standard was 
subsequently pooled to reach a final volume of 4.16 mL, and a 840 µL aliquot of 50% 
aqueous mixture of methanol was then added, resulting in a final volume of 5 mL 
and a final concentration of 320 µM. The stock solutions were serially diluted with 
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50% aqueous mixture of methanol resulting in the following calibration series: 
320,160, 80, 40, 20, 10, 5, 2.5, 1.25 and 0.625 µM calibration points for 2-
oxoglutarate, aconitate, erlose, ferulic acid, fumarate, malate, maleate, malonate, 
melezitose, pipecolate, raffinose, salicylate, succinate and xylose; 160, 80, 40, 20, 
10, 5, 2.5, 1.25 and 0.625 µM. Calibration points for 2-keto gluconic acid, arabinose, 
arabitol, -gentiobiose, caffeic acid, citrate, erythritol, fructose, fructose-6-phosphate, 
fucose,  galactitol, gluconate, glucose, glucuronate, itaconate, inositol, isocitrate, 
maltose, mannitol, mannose, melibiose, quinate, rhamnose, ribose, sucrose, syringic 
acid, trehalose, turanose,  uric acid, xylitol; 80, 40, 20, 10,5, 2.5, 1.25 and 0.625 µM 
calibration points for galactose; and 160, 80, 40, 20, and 10 µM calibration points for 
nicotinic acid, shikimate and glucose-6-phosphate. Of each calibration stock, 40 µL 
were transferred into glass vial inserts, dried in vacuo, and stored at −20°C before 
subjecting to GC–QqQ–MS analysis. 
3.2.6 Online derivatization  
All samples were re-dissolved in 20 µL of 30 mg mL−1 methoxyamine hydrochloride 
in pyridine and derivatized at 37°C for 120 min with mixing at 500 rpm. 20 µL N,O-
bis-(trimethylsilyl)trifluoroacetamide (BSTFA) and 1 µL retention-time standard 
mixture [0.029% (v/v) n-dodecane, n-pentadecane,  n-nonadecane, n-docosane, n-
octacosane, n-dotriacontane, n-hexatriacontane dissolved in pyridine] were then 
added and the samples incubated for a further 30 min with mixing at 500 rpm. Each 
derivatized sample was then allowed to rest for 60 min prior to injection into the GC-
MS.  
3.2.7 GC-MS analysis for the comparative data set 
GC-MS analysis was performed on an Agilent 7890 gas chromatograph equipped 
with Gerstel MPS2 multipurpose sampler and coupled to an Agilent 5975C VL mass 
selective detector, run in splitless mode, with an injection volume of 1 µL of each 
sample and a technical replicate of two injections per sample. Instrument control was 
performed with Agilent G1701A Revision E.02.01 ChemStation software. The gas 
chromatograph was fitted with a Varian Factor 4 column (VF-5ms; 30 m × 0.25 mm × 
0.25 um + 10m Ezi-guard). Helium (Ultra High Purity) was in constant flow mode at 
approximately 1 mL min-1 with retention-time locking (RTL) applied. The oven 
temperature was started at 70°C, held at this temperature for 1 min and then 
increased at 7°C min-1 to 325°C, and finally held at this temperature for 3.5 min.  
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The mass spectrometer quadrupole temperature was set at 150°C, with the source 
set at 250°C and the transfer line held at 280°C. Positive ion electron impact spectra 
at 70eV were recorded in scan mode with the following settings: a gain factor of 1.00, 
detector threshold of 150, mass to charge (m/z) range of 50-600 m/z and solvent 
delay of 6.0 min. 
3.2.8 GC-MS analysis for the quantitative data set  
Samples (1 µL) were injected into a GC–QqQ–MS system comprising of a Gerstel 
2.5.2 Autosampler, a 7890A Agilent gas chromatograph and a 7000 Agilent triple-
quadrupole MS (Agilent, Santa Clara, USA) with an electron impact (EI) ion source. 
The GC was operated in constant pressure mode (20 psi), with helium as the carrier 
gas and mannitol as a standard for RTL of the method. The MS was adjusted 
according to the manufacturer’s recommendations using tris-(perfluorobutyl)-amine 
(CF43). A J & W Scientific VF-5MS column (30 m long with10 m guard column, 0.25 
mm inner diameter, 0.25 µm film thickness) was used. The injection temperature was 
set at 250°C, the MS transfer line was set at 280°C, the ion source was adjusted to 
250°C and the quadrupole was set at 150°C. Helium was used as the carrier gas at 
a flow rate of 1 mL min−1. Nitrogen (UHP 5.0) was used as the collision-cell gas at a 
flow rate of 1.5 mL min−1. Helium (UHP 5.0) was used as the quenching gas at a flow 
rate of 2.25 mL min−1. The following temperature series program was used: injection 
at 70°C; hold for 1 min; 7°C min−1 oven temperature ramp to 325°C; final 6 min 
heating at 325°C. 
3.2.9 Data analysis and validation  
Metabolite data extraction and analysis were undertaken based on the protocol 
described in Dias et al. (2015), with the software package MetaboAnalyst 3.0 (Xia et 
al., 2015). Data were processed using the Agilent MassHunter Workstation Software, 
Quantitative Analysis, Version B.05.00/Build 5.0.291.0 for quantitation of all 
compounds. Compound identification was based on an in-house library of MS 
spectra, with retention indices based on n-alkane and fatty acid standards 
(Menhaden fish oil, Sigma-Aldrich, Auckland). Derivative peak areas were used to 
semi-quantify the concentrations of individual metabolites in the comparative data 
set. Data were then normalized to the final area of the internal standard and sample 
dry weight.  
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Data were tested for normality and homogeneity, and log transformed where 
appropriate. IBM SPSS Statistics (v22) was used for both repeated-measures 
ANOVA (RMANOVA) and ANOVA. RMANOVA was used to test for differences in 
maximum quantum yields between treatment groups and days (repeat 
measurements were from the same individuals, which were set aside in each 
treatment). ANOVA was used to test for differences in heat-stress indicators 
between treatments and sampling days. Statistical significance between the 
abundance of metabolite treatment means was determined by univariate tests (t-test, 
with false discovery rate, FDR) in MetaboAnalyst. Differences were considered 
significant at the P < 0.05 probability level. Fold change (FC) analysis was used to 
compare the absolute value change between group means, before data 
normalization was applied. Principal components analysis (PCA) using the 
normalised, log-transformed and auto-scaled metabolite data was undertaken with 
MetaboAnalyst. PCA analysis was used to summarize the multivariate metabolite 
data, capturing the variables that explained the greatest variation (principal 
components, PC) in each treatment group. The key-contributing metabolites, as 
determined by their contribution to the PCA plots, can be identified by their loadings 
values, as summarised in the corresponding loadings plots.  
Pathway activity analysis using the Pathway Activity Profiling (PAPi) package was 
undertaken to compare activities using the normalized and transformed metabolite 
data following the methods described in Aggio et al. (2010). Briefly, using the 
normalized abundance data for each treatment at 6 d and 8 d as input, the PAPi 
package calculates activity scores of individual pathways from the Kyoto 
Encyclopedia of Gene and Genomes (KEGG) database. These activity scores are 
based on the relative changes in compounds (control vs treatment) associated with 
each pathway of interest. This algorithm is based on two main assumptions: 1) if a 
given pathway is active in a cell or organism, more intermediates associated with 
that pathway will be detected; and 2) there will be a lower abundance of associated 
pathway intermediates due to high turnover and vice versa during low activity (Aggio 
et al., 2010). The resulting activity score therefore serves as an indicator of the 
likelihood that a pathway is active within a cell, or organism under a given condition, 
without the requirement for absolute quantitation, such as during more detailed flux 
analysis. Resulting pathway activity scores were inverted to make interpretation in 
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plotted figures more intuitive, i.e. an increase in activity score representing an 
increase in the predicted pathway activity. Statistical significance between the 
abundance of metabolite treatment means was determined by univariate tests (t-test, 
with false discovery rate, FDR) in MetaboAnalyst. 
3.2.10  Quantification of coral bleaching  
Symbiodinium cell densities in corals were quantified using Improved Neubauer 
haemocytometer counts (Boeco, Germany), with a minimum of six replicate cell 
counts per sample (i.e. to a confidence interval below 10%). Cell density was 
normalised to coral fragment surface area, measured with the wax-dipping method 
(Stimson and Kinzie, 1991).  
Symbiont chlorophyll a (chl a) content was quantified by N,N-dimethylformamide 
(DMF) extraction carried out in darkness over 48 h at 4°C. Extracts were centrifuged 
(16,000 x g for 5 min) and triplicate 200 μL aliquots were measured in 96-well plates 
(UVStar, Greiner Bio-One GmbH, Germany) at 646.8, 663.8, and 750 nm, using a 
microplate reader (Enspire_2300, Perkin-Elmer, Waltham, MA, USA). Chl a 
concentrations were determined after optical path length correction (0.555 cm) using 
the equations of Porra et al. (1989).  
3.2.11 Identification of dominant Symbiodinium genotypes  
For DNA extraction, a 200 µL aliquot of homogenate was centrifuged for 5 min at 
16,100 × g to isolate the Symbiodinium cells. The supernatant was discarded and 
the algal cells resuspended in 200 µL guanidinium cell lysis/DNA extraction buffer 
(50% guanidinium isothiocyanate (w/v); 50 mM Tris (pH 7.6); 10 µM EDTA; 4.2% 
sarkosyl (w/v); 2.1% β-mercaptoethanol (v/v)). Following a one week incubation 
period at room temperature, the samples were centrifuged for 5 min at 16,100 × g to 
pellet the cellular debris, and 100 µL of supernatant were added to an equal volume 
of 2-propanol at 4 °C and left overnight for DNA precipitation. To collect the DNA, the 
samples were centrifuged for 30 min at 16,100 × g and the supernatant poured off. 
The DNA pellet was washed in 70% (v/v) ethanol, dried, and eluted in 50 µL TE 
buffer (10 mM Tris-HCl (pH 8.0); 1 mM EDTA).  
For genetic analysis, the non-coding region of the psbA minicircle (psbAncr) was 
amplified and sequenced directly using the 7.4/7.8 primer pair (Moore et al., 2003). 
Since these primers preferentially amplify clade C Symbiodinium (LaJeunesse and 
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Thornhill 2011), the partial 18S/ITS region and a section of the 28S LSU rDNA were 
also amplified and sequenced using the generic dinoflagellate primers S-DINO and 
L0 (Pawlowski et al., 2000). Each end of the ~ 1600 nt amplicon was directly 
sequenced and compared to representative sequences from each Symbiodinium 
clade, to ensure that the dominant sequence in all samples belonged to clade C. The 
forward and reverse psbAncr sequences were manually aligned in Geneious v 7.0.6 
(Biomatters Ltd) and the GenBank database was queried with the consensus 
sequences using the BLAST algorithm (Altschul et al., 1990). 
 
3.3 Results  
3.3.1 Symbiodinium DNA extraction and sequencing  
Of the six colonies used in the study, four produced psbAncr sequences that were 
identical to a clade C3 variant found in Acropora microclados and A. nasuta at Heron 
Island, GBR (GenBank accession numbers JQ043641 and JQ043642; (LaJeunesse 
and Thornhill, 2011). The remaining two colonies hosted a Symbiodinium type with a 
psbAncr sequence that was 98.7% similar to the other four, but had no exact matches 
in the GenBank database. However, the ITS 2 region could be sequenced directly 
(without ambiguities) from these two colonies, and was identical to a Symbiodinium 
C3 variant previously isolated from A. millepora colonies at Heron Island (GenBank 
accession number HM031101; (Fisher et al., 2012). The dominant symbiont type of 
all six colonies is therefore referred to as Symbiodinium C3.   
3.3.2 Thermal stress and bleaching indicators 
Exposure to daily temperatures of 32°C ± 1°C (typical of summer maxima and ca. 
5°C above ambient water temperatures of 27°C ± 3°C over the course of the study) 
for 6 d and 8 d, resulted in a decline in the maximum quantum yield of photosystem 
II (PS II), which differed with time and treatment group (RMANOVA time x treatment 
F14,140 = 21.676, P < 0.001), loss of algal symbionts per unit area of coral, and a 
reduction of chl a symbiont cell-1, consistent with photoinhibition and coral bleaching 
(Fig. 3.1). At 6 d there was a ca. 15% decline in the maximum quantum yield of PS II 
and a 49% reduction in Symbiodinium cell density (one-way ANOVA F1,10 = 25.81 P 
< 0.001) (Fig. 3.1). At 8 d exposure to elevated temperature, there was a ca. 30% 
decline in the maximum quantum yield of PS II; this reduction was coupled to a 71% 
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reduction in Symbiodinium cell density relative to controls (one-way ANOVA F1,10 = 
89.86 P < 0.001). Coinciding with this decline at 8 d, there was a ca. 20% decline in 
symbiont chl a content cell-1 (one-way ANOVA F1,10 = 6.44 P = 0.029) (Fig. 3.1). 
However, in terms of the progress of photoinhibition and bleaching between 6 d and 
8 d, only symbiont cell density differed significantly between sampling days in the 
heat-treatment group (one-way ANOVA F1, 10 = 10.166, P = 0.01).  
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Fig. 3.1: Physiological effects of thermal stress in Acropora aspera.  (A) Maximum quantum yields of PSII of in hospite 
symbionts versus time at ambient temperature (ca. 27°C) and elevated temperature (32°C); and (B) symbiont chlorophyll a content 
cell-1 and (C) symbiont cell density following 0, 6 and 8 days exposure to 32°C (n = 6). Error bars are mean ± S.E.M. R0 – R5 heat 
ramp for treatment group (1°C day-1).  * denotes P < 0.05, ** P < 0.005, *** P < 0.001.  
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3.3.3 Free metabolite pools of symbiont and host 
The intracellular free metabolite pools of both the dinoflagellate symbiont and its 
coral host, were profiled under ambient conditions prior to the heat ramp at 0 d, and 
following exposure to thermal stress at 6 d and 8 d. A total of 73 and 67 compounds 
were identified via GC-MS analysis of the polar and semi-polar extracts of symbiont 
and host, respectively. These compounds consisted of a mixture of metabolite 
groups, primarily amino acids, intermediates, organic acids and amides, sugars, and 
fatty acids (Table S3.1 and Table S3.2).  
Due to the differing cell structure and composition of the symbiont and host fractions, 
extraction methodologies were optimized to target each fraction individually. As such, 
symbiont and host pools were not directly comparable. However, under ambient 
conditions, symbiont pools were characterised by a number of compounds that were 
not detectable (or present but in low abundance) in host pools and vice versa (Table 
S3.1 and Table S3.2). In the symbiont, these included the saturated fatty acids 
(SFAs) C10:0, C12:0 and C22:0, in addition to the polyunsaturated fatty acid (PUFA) 
C18:3, and a number of sugar phosphates (glycerol-2-phosphate, glycerol-3-
phosphate, inositol-2-phosphate), vitamins (threonate, phytol), intermediates 
(aspartate, glutarate) and amino acids (leucine, tyrosine). Compounds considered 
characteristic of host pools included a number of sugar alcohols (galactitol, threitol, 
myo-inositol), sugars (arabinose, iso-maltose) intermediates (tryptamine, thymidine, 
adenosine) and amino acids (beta-alanine, homoserine).  
Although symbiont and host pools were not directly comparable, a number of fatty 
acids that were abundant in symbiont free metabolite pools and detected to a much 
lesser extent in host pools, may serve as mobile products exchanged from symbiont 
to host in vivo. Namely, the SFAs C14:0 and C16:0, and monounsaturated fatty 
acids (MUFAs) C16:1 and C18:1 (9-Z), and the PUFA docosahexaenoic acid (DHA) 
C22:6 (Table S3.1). In addition, a number of compounds were detected in the host 
extract, which may have originated in vivo from associated microorganisms within 
the host mucus, skeleton and tissues; specifically the disaccharides maltose, iso-
maltose and the SFA C17:0.  
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3.3.4 Quantitation of key compounds  
Absolute concentrations were calculated for a total of 29 key compounds (organic 
acids, carbohydrates and intermediates) that were detected in the free pools of 
symbiont and host samples at 8 d (Table S3.3 and Table S3.4). The most abundant 
compounds in symbiont metabolite pools under ambient conditions were glucose 
(693.5 picomoles mg-1 dry weight ± 105.8 S.E.M.), galactose (533.9 picomoles mg-1 
dry weight ± 44.1 S.E.M.) and succinate (109.1 picomoles mg-1 dry weight ± 13.8 
S.E.M.). Similarly, in the host the most abundant compound was also glucose 
(2216.4 picomoles mg-1 dry weight ± 77.0 S.E.M.), followed by inositol (594.8 
picomoles mg-1 dry weight ± 37.1 S.E.M.), galactose (470.7 picomoles mg-1 dry 
weight ± 46.9 S.E.M.), galactitol (420.0 picomoles mg-1 dry weight ± 71.7 S.E.M.) and 
maltose (410.9 picomoles mg-1 dry weight ± 34.5 S.E.M.).  
3.3.5 Thermally-induced modifications to free metabolite pools 
Marked modifications to free metabolite pools in response to thermal stress were 
observed in each symbiotic partner. These thermally-induced changes to pools of 
free metabolites were apparent in the spatial separation of treatment groups, relative 
to those at ambient water temperatures, in the PCA plots (Fig. 3.2). Ambient groups 
can be seen to cluster closely in space at each sampling point, whereas the 
treatment groups are separated along the axes of PC 2. This effect was greatest in 
both partners after 8 d of exposure to elevated temperature, and accounted for 
19.4% and 14% of the data variability in symbiont and host, respectively. 
Compounds characteristic of this thermal stress can therefore be observed in the 
negative areas of loadings 2 for the symbiont and the positive areas of loadings 2 for 
the host (Fig. 3.2).  
92 
 
 
Fig. 3.2: PCA scores plot (left) and loads plot (right) of symbiont (A) and host 
(B) metabolite profile data.  0C: day 0 ambient; 6C: day 6 ambient; 6HS: day 6 
heat stress; 8C: day 8 ambient; 8HS: day 8 heat stress (with 95% confidence 
regions) (n = 6). 
 
At the level of individual metabolites, thermally-induced modifications to the relative 
abundance (ambient versus thermal stress) of multiple compounds were detected in 
both symbiont and host pools. In the symbiont, the greatest changes were 
associated with large accumulations (x5-10 fold changes) in the medium- and long-
chain fatty acid pools, including a number of SFAs (C10:0, C12:0, C14:0, C16:0, 
C20:0), MUFAs (C18:1 (9Z) and C16:1) and PUFAs (C18:2, C18:3 and C22:5). In 
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contrast, relative reductions were observed for a number of carbohydrates, 
intermediates and amino acids, the greatest of which (x10 fold decline) were in pools 
of the disaccharides melibiose and turanose. These changes were fairly consistent 
between sampling points, although typically observed to a greater extent after more 
prolonged exposure to thermal stress at 8 d (Fig. 3.3).  
In contrast, the greatest changes to host pools associated with thermal stress were 
predominantly negative and much greater in scale (up to x20 fold) (Fig. 3.3). These 
modifications in pool size were once again fairly consistent between sampling days, 
although more pronounced with longer exposure to elevated temperature at 8 d. The 
most notable reductions in terms of scale were observed for the intermediates 
tryptamine, ascorbate and threonate, and the lipogenesis intermediate 
galactosylglycerol. In contrast, smaller increases in pool sizes (up to x5 fold) of the 
amide urea, the purine guanine, the disaccharide gentiobiose, the organic acid 
gluconic acid and the sugar alcohol myo-inositol were also observed in response to 
heat treatment. 
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Fig. 3.3: (previous page): Relative fold changes between ambient and 
treatment groups of key compounds in symbiont (A) and host (B) pools at 6 d 
and 8 d (see over). 6 8 and colour text denote compounds that differed significantly 
between treatments at P < 0.05 (with FDR correction) for both time points, and 6 or 8 
at one time-point only (red, increase in pool; blue decrease in pool with heat 
treatment at both time points). 
 
3.3.6 Quantitation of key compounds during thermal stress 
Thermally-induced modifications to intracellular pools of a total of 29 key organic 
acids, carbohydrates and intermediates, were quantified via targeted quantitative 
analysis for heat-treatment groups at 8 d (Fig. 3.4) (Table S3.3 and Table S3.4). 
Supporting the outputs of the comparative data sets, in the symbiont significant 
declines were observed in pools of intermediates associated with central carbon 
metabolism, in addition to reductions in pool sizes of a number of hexose, 
monosaccharide and more complex carbohydrates, the greatest of which was for 
pools of galactose (ca. 50% decrease to 253.7 picomoles mg-1 dry weight ± 50.0 
S.E.M.). In contrast, however, there was a non-significant trend of an increase in 
pools of the most abundant compound, glucose (ca. 50% increase to 1056.1 
picomoles mg-1 dry weight ± 219.8 S.E.M.) (Table S3.3). 
In the host, thermally-induced modifications included relatively large absolute 
increases in the concentration of the sugar alcohol xylitol (ca. 340% increase to 77.5 
picomoles mg-1 dry weight ± 19.8 S.E.M.) and the disaccharide gentiobiose (ca. 50% 
decrease to 25.8 picomoles mg-1 dry weight ± 2.5 S.E.M.), coupled to reductions in 
pools of a number of central intermediates and monosaccharide and disaccharide 
sugars, including maltose (ca. 80% decrease to 72.7 picomoles mg-1 dry weight ± 
13.9 S.E.M.) and xylose (ca. 80% decrease to 41.0 picomoles mg-1 dry weight ± 6.5 
S.E.M.) (Fig. 3.4) (Table S3.4).  
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Fig. 3.4: Absolute concentrations of compounds detected in the free pools of 
the heat-stressed symbiont and host.  Light shading denotes compounds that 
differed significantly (P < 0.05) with thermal stress relative to controls at 8 d with a 
fold-change below 1, whereas darker shading denotes compounds that differed 
significantly between treatments with a fold change above 1 (with FDR correction), 
symbiont (○) and host (□).  
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3.3.7 Thermally induced modifications to pathway activities of symbiont and host 
Pathway activity analysis (PAPi) of the non-targeted metabolite profile data revealed 
pathway modes that showed altered turnover in response to heat treatment at 6 d 
and 8 d in symbiont and host (Table S3.5 and S3.6). Exposure to elevated 
temperatures resulted in modifications to the activity of multiple pathways, which 
differed with symbiotic partner and treatment duration.  
Notably, in the symbiont, reductions in pathway activity were estimated for networks 
associated with central carbon (glycolysis and pentose phosphate pathway), starch, 
galactose, glycerolipid and fatty acid metabolism. In contrast, increases were 
estimated for pathways associated with the metabolism of the vitamin riboflavin and 
the amino acid beta-alanine.  
In host pools, reductions in activity were estimated for networks and intermediates 
associated with cell signalling (inositol derivatives) and antioxidant (ascorbate) 
pathways; these thermally induced alterations were coupled to increases in networks 
associated with central (TCA cycle, oxidative phosphorylation), galactose, 
glycerolipid and amino acid metabolism.  
 
3.4 Discussion  
 
In this study GC-MS based metabolite profiling was applied to detect change during 
thermal stress and on-going bleaching in the free pools (polar and semi-polar 
compounds) of remaining symbionts (in hospite) and the coral host. Characteristic 
thermally-induced modifications were detected in the metabolism of each symbiotic 
partner, which differed according to the duration of thermal stress exposure. These 
changes were most likely associated with symbiont photodamage and metabolic 
costs associated with thermal stress. Correspondingly, increases were observed in 
the activity of alternative energy modes (glyoxylate cycle), ROS-associated damage 
signalling and individual acclimation responses to thermal and oxidative stress in 
symbiont and host. These aspects are discussed in more detail in the sections that 
follow below.  
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3.4.1 Photoinhibition leads to alternative energy modes and the generation of 
excess ROS 
Prolonged exposure to elevated temperature results in increased damage and 
inhibited repair to chloroplast structures, leading to photoinhibition, a reduction in 
carbon fixation and an increase in the production of ROS (Lesser, 1996; Warner et 
al., 1999; Takahashi and Murata, 2008). A decline in carbon fixation will affect the 
free metabolite pools of symbiont and host in a number of ways. Firstly, in the 
symbiont there will be a reduction in the production of cellular energy (ATP and 
NADPH), with corresponding declines in the de novo synthesis of glucose from the 
Calvin cycle (Jones et al., 1998; Smith et al., 2005). Under optimal photosynthetic 
conditions, the symbiont’s free pools of glucose will turn over rapidly, fuelling 
downstream respiratory and biosynthesis pathways for symbiont growth, energy 
storage, and the production and translocation of mobile products to the host 
(Burriesci et al., 2012; Kopp et al., 2015). During thermal stress, an increase in the 
ratio of respiration to photosynthesis will necessitate a reduction in the activity of 
pathways which consume cellular energy, such as biosynthesis and growth, with an 
increase in those that produce ATP during respiration (Clark and Jensen, 1982; 
Jokiel and Coles, 1990). Correspondingly, as the severity of photodamage 
progressed from 6 d to 8 d in the current study, a reduction in the pool size of simple 
and complex carbohydrates (disaccharide, monosaccharide and hexose sugars) was 
detected in both partners. This decrease in carbon fixation and the production of 
complex carbohydrates coincided with downstream reductions in the turnover of 
central carbon metabolism pathways in the symbiont, namely glycolysis and the 
pentose phosphate pathway, in addition to the turnover of starch and galactose 
metabolism. Concurrently, in the host, the turnover of energy generating pathways 
was increased, with increased activity of the TCA cycle, oxidative phosphorylation 
and the metabolism of glycerolipids with thermal stress. Most likely these changes 
were in association with beta-oxidation of host lipid stores; which is a typical 
response during coral bleaching (Grottoli et al., 2004; Bachok et al., 2006; Imbs and 
Yakovleva, 2012).  
Coupled to declines in the activity of carbon fixation, the availability of cellular energy 
and the activity of typical biosynthesis pathways, accumulation of multiple fatty acids 
(SFAs, PUFAs and MUFAs) was detected in symbiont pools. These accumulations 
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are likely to result from a number of interacting factors, primarily associated with 
symbiont ATP-limitation as discussed above. Namely, these are: 1) modifications to 
typical lipogenesis pathways (Sakamoto et al., 1994; Zhu et al., 1997; Papina et al., 
2007); 2) a decline in the translocation of fatty acid mobile products to the host 
(Papina et al., 2003); 3) an increase in the catabolism of lipid stores (Grottoli et al., 
2004); 4) modifications to lipid membrane structure (see below) (Tchernov et al., 
2004; Papina et al., 2007); 5) a decline in nitrogen assimilation by the symbiont, 
leading to altered C:N ratios (Li et al., 2010; Kopp et al., 2015; Wang et al., 2015); 
and 6) translocation of host PUFAs from the host to symbiont (Imbs et al., 2014; 
Revel et al., 2016). Interestingly, the greatest changes to symbiont fatty acid pools 
were in two very differing groups of fatty acids, namely the PUFAs C18:3 and C18:2, 
and the mid-length SFA C12:0. In the case of the more abundant PUFAs, an 
increase in the production of C18:3 with elevated temperature has previously been 
detected in cultured microalgae (Isochrysis galbana) and cyanobacteria, owing to 
increased activity of ω3 desaturase, which catalyses its synthesis from C18:2 
(Sakamoto et al.; Zhu et al., 1997). In contrast, C12:0 is typically found associated 
with lipid stores, such as triacylglycerol (TAG) and wax esters (Patton et al., 1977; 
Kellogg and Patton, 1983). A decline in typical lipogenesis activities coupled to an 
increase in catabolism of these stores, such as via the glyoxylate cycle present in the 
dinoflagellate (Butterfield et al., 2013), would likely result in greater abundances of 
this intermediate (amongst others) in the free pools of the dinoflagellate.  
The wider holobiont will also be affected by elevated temperature, which can cause a 
shift in the associated microbiota (Forest et al., 2002; Rosenberg et al., 2007). Such 
thermally-induced modifications have been implicated in further symbiont 
photoinhibition, bleaching and disease (Rosenberg et al., 2007). Reductions of pools 
of maltose in the host fraction with exposure to thermal stress were detected, this 
disaccharide has not previously been reported as a translocated mobile compound in 
the symbiosis and is more commonly associated with microorganisms harboured 
within the host mucus, skeleton and tissues (Forest et al., 2002; Sharon and 
Rosenberg, 2008). Although with the methodology applied it was not possible to 
establish the direct source of this compound, a decline in its abundance in the host 
fraction may be indicative of a shift in the associated microbial consortium, for 
instance to one dominated by more pathogenic populations, such as Vibrio spp. 
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(Forest et al., 2002; Rosenberg et al., 2007; Lee et al., 2015; Tout et al., 2015). Of 
note, a reduction in maltose concentration has been reported as serving as a direct 
indicator for enhanced growth of the well-known coral pathogen, Vibrio coralliilyticus, 
when in culture under optimal conditions (temperatures above 27°C) (Brown and 
Bythell, 2005). Further to this, growth of Vibrio spp. are also enhanced in the tissues 
and mucus of bleached and thermally stressed corals (Bourne et al., 2008; Lee et al., 
2015; Tout et al., 2015).  
3.4.2 ROS accumulation initiates a signalling cascade 
The increased turnover of central respiratory pathways during thermal stress, 
principally oxidative phosphorylation and the electron transport chain, will result in 
increased production of ROS in the mitochondria and microbodies of both symbiont 
and host (Downs et al., 2002; Lesser, 2006). In addition, photoinhibition and the 
increased activity of alternative electron flows will generate additional ROS in the 
symbiont at the chloroplast, via the Mehler reaction (Roberty et al., 2014; Roberty et 
al., 2015). Accumulation of ROS species at largely impermeable lipid membranes 
results in peroxidation of membrane PUFAs and the production of oxylipins (Gill and 
Tuteja, 2010) (Fig. 3.5). These unstable products may themselves be cytotoxic, 
reacting with proteins, other lipids and nucleic acids (Lesser, 2006; Gill and Tuteja, 
2010). This damage can then result in the leakage of accumulated ROS and further 
cellular damage. The PUFAs C18:2 and C18:3, which are particularly abundant in 
the pools of both the symbiont and host, are highly susceptible to attack by singlet 
oxygen and hydroxyl radicals (1O2 and HO● respectively), producing a complex 
mixture of damaging lipid hydroperoxides (Gill and Tuteja, 2010). In association with 
ROS, these compounds may serve as damage signals, which are detected at the 
cellular membrane, initiating a cascade of signalling, feedback and modifications to 
fatty acid metabolism, the free fatty acid pool and eventually the composition of the 
lipid membrane (Lõhelaid et al., 2015) (Fig. 3.5). As total lipids were not analysed in 
the present study, it was not possible to establish thermally-induced modifications to 
the lipid membranes of symbiont and host, however the clear modifications to 
symbiont fatty acid pools seen here are indicative of altered fatty acid metabolism 
and lipogenesis as discussed above. Increased membrane saturation is one 
mechanism that may be employed in Symbiodinium to enhance membrane stability 
under elevated temperature, reducing lipid peroxidation and associated damage, 
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however this response is not uniform and may vary according to cell- and symbiont 
type (Tchernov et al., 2004; Papina et al., 2007). An alternative approach in 
thermally-resistant Symbiodinium types may include actively increasing pools of 
PUFAs (Díaz-Almeyda et al., 2011). As the process of fatty acid desaturation is an 
aerobic reaction, desaturation, elongation and isomerisation may simultaneously 
reduce cellular oxidative stress and reduce peroxidation, thereby providing an 
additional mechanism for membrane stabilization (Guerzoni et al., 2001; Díaz-
Almeyda et al., 2011). However, as PUFAs are susceptible to peroxidation by ROS, 
this response will only be effective as long as antioxidant responses are maintained. 
As elevated pools of multiple PUFAs were detected in the symbiont following 
exposure to thermal stress, a similar mechanism may therefore operate in this 
symbiont-host combination.  
The symbiont cellulose cell wall is also likely to be a site of attack and damage by 
ROS, leading in turn to the release of modified oligosaccharides (Wakefield et al., 
2000; Field, 2009) (Fig. 3.5). In terrestrial plants, many of these compounds, termed 
oligosaccharins, have biological activity and roles in plant stress signalling (Dumville 
and Fry, 2003). One such compound is the rare disaccharide gentiobiose (Dumville 
and Fry, 2003; Takahashi et al., 2014). This compound functions in plant signalling, 
during periods of development associated with oxidative bursts and high ROS levels 
(Field, 2009; Aizat et al., 2014; Takahashi et al., 2014). As yet, the compound has no 
other described roles in central metabolism and is rapidly broken down (Dumville 
and Fry, 2003). Upon detection, increased levels of gentiobiose are thought to elicit 
antioxidant responses; namely the production of sulphur-containing amino acids 
(methionine and cysteine) and ascorbate (AsC), and the increased de novo 
synthesis of the antioxidant glutathione (GSH), with upregulation of associated 
genes (Takahashi et al., 2014). Elevated pools of gentiobiose were detected in both 
symbiont and host following exposure to thermal stress and associated ROS. In 
addition, large changes in pools of AsC and pathways linked to the metabolism of 
GSH were detected in both partners. The AsC-GSH pathway is highly conserved 
and known to function in both symbiont and host (Lesser, 2006; Baird et al., 2009a) 
(see below acclimation responses), however whether gentiobiose serves as a signal 
in the system will require further study (Fig. 3.5). Elevated pools of this compound in 
the host fraction may result from a number of sources: its active transport, damage 
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to symbiont cell membranes and increased leakiness (Barott et al., 2015), or from 
host autophagy and apoptosis of symbiont cells, which is increased during thermal 
stress and bleaching (Dunn et al., 2004; Dunn et al., 2007). Interestingly, pools of the 
unusual disaccharide turanose were reduced during thermal stress in the symbiont, 
suggesting increased turnover of this compound. In terrestrial plants this non-
metabolized sugar is also thought to play a role in plant stress signalling and 
development (Sinha et al., 2002; Gonzali et al., 2005).  
Coupled to these modifications to free pools in symbiont and host, accumulations of 
the sugar alcohol inositol were detected in host pools, and corresponding declines in 
the turnover of inositol phosphates and phosphatidylinositol were estimated in the 
heat-stressed host.  Inositol derivatives are present in both dinoflagellate symbiont 
(Klueter et al., 2015) and cnidarian host (Burriesci et al., 2012). In addition to 
functions as compatible solutes, inositol derivatives have highly conserved roles in 
cellular recognition, signalling and development (Müller, 2004; Garrett et al., 2013; 
Philippon et al., 2015; Rosic et al., 2015). Interestingly, inositol phosphates are also 
thought to play a role in the activity of cell apoptosis and autophagy (Boehning et al., 
2005; Chakraborty et al., 2008), both modes of cell death, which are elevated during 
thermal stress and play a role in coral bleaching (Dunn et al., 2004; Dunn et al., 
2007). A previous study with multiple Symbiodinium types in culture has also shown 
that a number of inositol groups become elevated in the dinoflagellate under thermal 
stress (Klueter et al., 2015). Perhaps surprisingly, however, the potential role of this 
major inositol-based signalling network in the transduction of symbiosis dysfunction 
and cnidarian bleaching has, to date, been largely overlooked.  
Temperature stress may also be communicated in the symbiosis via hormone 
networks, such as those derived from steroids and complex proteins (Tarrant, 2005; 
Tarrant et al., 2009). Two such stress-signalling pathways in terrestrial plants are 
brassinosteroids and glucosinolates (Ludwig-Müller et al., 2000; Bajguz and Hayat, 
2009). In both symbiont and host, there was a trend of increased turnover of 
pathways closely resembling these terrestrial plant-signalling networks. 
Brassinosteroids are steroidal plant hormones, which play essential roles in plant 
development, and responses to abiotic stress and the generation of ROS (Bajguz 
and Hayat, 2009; Clouse, 2011). This large group of signalling hormones acts 
synergistically with other hormones, in order activate effective signal transduction 
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and stress responses, however the mechanisms involved are largely unresolved 
(Bajguz and Hayat, 2009). These hormones are synthesised from the steroid 
derivative camperstol (Clouse, 2011); both complex steroids and campestrol 
derivatives are abundant in dinoflagellate algae and their cnidarian hosts (Scheuer, 
1978; Tarrant et al., 2009; Amo et al., 2010). In addition, steroids have signalling 
roles in cnidarians (Tarrant, 2005), so it is likely that both steroids and their 
derivatives could have a similar role within the symbiosis. Glucosinolates are amino 
acid derivatives that serve as important plant stress-signalling compounds, function 
in the production of HSPs, and may be involved in host/pathogen recognition 
(Ludwig-Müller et al., 2000; del Carmen Martínez-Ballesta et al., 2013). 
Gluconsinolates are formed via a portion of the Shikimate pathway, which is present 
in both partners (as discussed below) (Grubb and Abel, 2006; Rosic and Dove, 
2011). As such, it is possible that a related signalling pathway could also function in 
the coral-dinoflagellate symbiosis.  
3.4.3 Signal transduction results in an acclimation response 
The detection of cellular damage leads to signal transduction between cells, 
eventuating in an acclimation response (Grüning et al., 2010). This response is 
highly complex and will include shifts in central pathway modes and associated 
metabolite pools (as discussed above). In addition, pools of secondary metabolites, 
such as hormones, vitamins and pigments will also play a pivotal role in the 
acclimation response of each partner. Chlorophyll a (chl a) is the primary 
phytopigment in Symbiodinium, however chlorophyll c (chl c) and accessory 
pigments, such as carotenoids, also function in light harvesting and have important 
roles in photoprotection (Venn et al., 2006; Strychar and Sammarco, 2011). 
Carotenoids primarily function in photoprotection via the dissipation of excess energy 
(dynamic photoinhibition), they may also act as antioxidants that are capable of 
scavenging ROS directly (Strychar and Sammarco, 2011). The carotenoids of 
Symbiodinium are relatively well characterised, being comprised principally of 
peridinin and fucoxanthin (Schever, 1983; Strychar and Sammarco, 2011). 
Eventually, however, phytopigments (chlorophylls and carotenoids) are themselves 
sensitive to degradation at elevated temperature (Venn et al., 2006; Strychar and 
Sammarco, 2011). In addition to the observed reductions in chlorophyll a content 
with prolonged thermal stress, there was a positive trend of increased biosynthesis 
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of chlorophyll and two carotenoid groups (phenylpropanoids and betalains). These 
carotenoid groups are typically found in terrestrial plants (Dixon and Paiva, 1995), 
however their identifications in the PAPi analysis (which is based on a predominately 
terrestrial KEGG database) serve to highlight potential increases in the turnover of 
closely related biosynthesis pathways with thermal stress. One alternative is the 
production of mycosporine-like amino acids (MAAs); as with the production of 
phenylpropanoids in terrestrial plants, the biosynthesis of MAAs is initially via the 
Shikimate pathway (Shick and Dunlap, 2002; Rosic and Dove, 2011). MAAs play 
essential photoprotective roles in many marine organisms (including Symbiodinium), 
and some MAAs may also act as antioxidants, with a capacity to quench ROS and 
scavenge free radicals (Rosic and Dove, 2011) (Fig. 3.5). Similarly in the host, there 
was also increased turnover of a related biosynthesis pathway at 8 d thermal stress, 
coupled to large increases in tryptophan, phenylalanine and tyrosine metabolism. 
Once again, these amino acids all function in the Shikimate pathway and the 
biosynthesis of MAAs (Shick and Dunlap, 2002; Rosic and Dove, 2011). Unusually 
for animals, some cnidarians are able to synthesise their own MAAs directly, in 
addition to those assimilated via diet (Shinzato et al., 2011). A diverse range of 
MAAs are found in the tissues of reef-building cnidarians, where they again function 
in important photoprotective roles (Shick and Dunlap, 2002; Rosic and Dove, 2011). 
Thermal stress has been widely documented to result in the increased biosynthesis 
of these protective compounds in corals (Rosic and Dove, 2011), so a similar 
response would therefore be expected in the current study.  
Vitamins are ubiquitous in nature, playing essential roles in cellular function and 
homeostasis; in particular, AsC (vitamin C) and tocopherol (vitamin E) play 
complementary roles as ROS scavengers in plant cells (Gill and Tuteja, 2010). AsC 
is water-soluble and typically found throughout an organism, whereas tocopherols 
are lipid soluble and found exclusively associated with cellular membranes of the 
chloroplast (Gill and Tuteja, 2010). Tocopherols quench ROS and play an important 
role in limiting the production of lipid peroxidation via the production of tocopheroxyl 
radicals, and these may then be recycled back to tocopherol by AsC (Munné-Bosch, 
2005). Tocopherols also play a role in the detoxification of nitric oxide (NOx) (Gill and 
Tuteja, 2010). AsC is a powerful antioxidant and, in addition to its complimentary role 
with tocopherol, functions in the GSH-AsC cycle (as discussed above). In the 
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present study, large thermally induced modifications were observed to pools of both 
tocopherol and AsC. In the case of the symbiont, accumulations of both tocopherol 
and AsC at 8 d. These changes in symbiont antioxidant pools at 8 d coincided with 
the progression of photodamage and are likely indicative of responses to maintain 
oxidative state with increased ROS production (Fig. 3.5). In contrast, in the host, 
large declines in pools of AsC were observed at both sampling points, although 
interestingly these were to the greatest extent at 6 d. This reduction of intracellular 
pools of AsC at 6 d coincided unusually with a large reduction of AsC metabolism, 
indicative of an accumulation of pathway intermediates and a break down in the 
AsC-GSH cycle, which was prior to more severe bleaching observed at 8 d.  
Exposure to increased temperatures, disruption to the electron transport chain and a 
decline in the exchange of osmotically active compounds will also lead to osmotic 
stress in the host (Mayfield and Gates, 2007). As such, non-reducing compounds 
such as complex sugars, polyols, sugar alcohols and certain amino acids may 
function as compatible solutes under these conditions (Bohnert et al., 1995; Mayfield 
and Gates, 2007). In the current study, elevated pools of glycerol were observed in 
the symbiont, coupled to large accumulations of xylitol, galactinol, myo-inositol and 
galactitol in the host. This accumulation of compatible solutes observed in the 
intracellular pools of the heat stressed host likely indicates exposure to osmotic 
stress and mechanisms to maintain both internal osmolality and a suitable osmotic 
environment for the remaining in hospite symbionts.  
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Fig. 3.5: A simplified schematic showing potential role of free metabolite pools 
in the detection of thermal and oxidative stress, signal transduction and 
responses of the symbiosis.  1) Photoinhibition and photorespiration result in the 
production of ROS at the chloroplast and mitochondria. 2) ROS overwhelm 
antioxidant responses and accumulate. 3) ROS result in damage to the cell wall and 
membranes. 4) Damage produces cell wall oligosaccharides and glycans, such as 
gentiobiose, while peroxidation of lipid membranes produces oxylipins. Other 
potential signals include the disaccharide turanose and inositol groups 5) Damage 
signals are detected in the symbiont and host, initiating signal transduction via 
mechanisms such as steroids and the phosphatidylinositol system. 6. Signal 
transduction results in altered gene and protein expression in symbiont and host. 7) 
Cellular acclimation in symbiont and host. 8) Antioxidant responses in the symbiont 
and host, such as the AsC/GSH cycle, tocopherol, sulphur-containing amino acids 
and MAAs.  Host antioxidant responses, when overwhelmed, lead to enhanced 
apoptosis, autophagy and expulsion of symbiont cells (bleaching).  
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3.5 Conclusions 
 
Thermal and oxidative stress during symbiont photodamage and bleaching resulted 
in clear modifications to the free metabolite pools of symbiont and host. These 
changes were associated with the energetic costs of maintaining cellular 
homeostasis, direct responses to maintain cell structure and function, the increased 
activity of ROS- and damage-associated signalling pathways and potentially 
changes to the associated microbial holobiont.  
This study provides for the first time a holistic assessment of the complex changes 
elicited to the metabolism of the holobiont during exposure- and acclimation to 
elevated temperatures. In this instance, metabolic (non-enzymic) responses to 
maintain thermal, oxidative and osmotic state were more apparent in the host 
compared to the symbiont, suggesting that there may be a disparity in the level of 
these stressors between partners. For instance, although non-enzymic antioxidant 
pathways form only a portion of antioxidant responses, similar differences in enzymic 
antioxidant responses have also been observed between partners (Krueger et al., 
2015), as have responses to maintain osmotic state (Mayfield and Gates, 2007) and 
expressed genes (Leggat et al., 2011). These data therefore highlight the complexity 
of cellular and metabolic change in each respective partner during thermal stress 
and bleaching and have implications for our understanding of the mechanisms 
responsible for symbiosis breakdown. Clearly further directed studies from a range of 
host-symbiont combinations, in a number of ‘omics fields (genomics, transcriptomics, 
proteomics and metabolomics) are required if we are to truly unravel the complex 
changes which occur in the holobiont during bleaching. These data are essential if 
we are to better understand the true capacity of corals for long-term acclimation and 
determine in what state reefs will persist under future climate change scenarios.  
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Chapter 4 The impact of thermal stress and bleaching on carbon fate in the 
cnidarian-dinoflagellate symbiosis 
 
4.1 Introduction 
 
Metabolic interactions between dinoflagellate symbionts and their cnidarian hosts 
underpin the success of the coral symbiosis in nutrient-poor tropical waters 
(Muscatine and Hand, 1958; Muscatine and Cernichiari, 1969; Yellowlees et al., 
2008). In this relationship, inorganic nutrients (including carbon, nitrogen and 
phosphorus) are supplied by the host, facilitating symbiont carbon fixation via the C3 
pathway and assimilation of nitrogen via the glutamine synthetase/glutamine:2-
oxoglutarate aminotransferase (GS/GOGAT) cycle (Miller and Yellowlees, 1989; 
Streamer et al., 1993; Pernice et al., 2012). Studies with radio- and stable-isotope 
labelled carbon and nitrogen tracers have revealed that many of the resulting organic 
products are then translocated to the host, providing resources for host respiration, 
growth, calcification and reproduction (Muscatine and Hand, 1958; Tanaka et al., 
2006; Bachar et al., 2007; Pernice et al., 2012; Kopp et al., 2015). This nutrient 
exchange is, however, likely to be affected by a range of factors, including the 
genotype and phenotype of each symbiotic partner, their respective environmental 
optima and exposure to associated environmental drivers (Loram et al., 2007; Stat 
and Gates, 2011). The holobiont in its entirety also comprises a specific suite of 
associated microbes, which are thought to contribute to these nutritional interactions 
(Rohwer et al., 2002; Rosenberg et al., 2007). A major threat to the persistence of 
the functional symbiosis is thermal stress, associated with elevated water 
temperatures (Hoegh-Guldberg, 1999; Carpenter et al., 2008; Lesser, 2011). This 
abiotic stress coupled to high light levels, can lead to photoinhibition in the symbiont, 
the overproduction of reactive oxygen species (ROS), dysfunction of the symbiosis 
and eventually the breakdown and loss of symbionts during bleaching (Lesser, 1996; 
Weis, 2008).  
However, major gaps remain in our understanding of mobile compound exchange 
throughout the process of thermal stress and bleaching (Edmunds and Gates, 2003; 
Davy et al., 2012). Given the importance of this exchange in maintaining the 
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functional symbiosis, it is therefore essential that we better understand how elevated 
temperature affects the production of carbon- and nitrogen-rich mobile products, 
their translocation to the host, and the associated downstream pathways in both 
partners. During the early stages of thermal stress when the symbionts are still in the 
host (in hospite), they may remain photosynthetically viable (Ralph et al., 2001; Hill 
and Ralph, 2007), and a reduction of symbiont density may actually serve to 
increase the per cell productivity of the remaining symbionts, by increasing the 
availability of rate-limiting inorganic nutrients (principally dissolved inorganic carbon, 
DIC) and light (Tremblay et al., 2014; Hoadley et al., 2016). However, if the severity 
of photoinhibition increases with further exposure to elevated temperature, a 
reduction in carbon fixation and increased ROS production would be expected 
(Jones et al., 1998; Warner et al., 1999; Roberty et al., 2014). The associated 
reduction in energy availability, coupled to increased respiratory costs of maintaining 
cell homeostasis, will necessitate a number of changes to central metabolism in the 
symbiosis. Namely, these are: a decline in net biosynthesis and a reduction in mobile 
product translocation (Clark and Jensen, 1982; Smith et al., 2005); a requirement for 
the generation of energy from alternate sources (i.e. catabolism of stores); and also 
potentially an increase in host heterotrophy (Grottoli et al., 2004; Grottoli et al., 2006). 
However, detailed in vivo data elucidating the roles of individual compounds and 
pathways in the holobiont during thermal stress and symbiosis dysfunction remain to 
be fully elucidated.  
The application of isotope tracers, such as 13C-labelled substrates, enable active 
carbon pathway modes to be identified, and the fate of label in metabolite pools to be 
detected (Fig. 4.1). 13C is a stable isotope that is naturally present in low abundance, 
typically 1-2% of a given compound (Klein and Heinzle, 2012). Exposure to a 13CO2-
enriched medium under photosynthetic conditions, will result in the incorporation of 
this label into organic products, and these compounds will in turn pass through 
metabolic pathways, redistributing into secondary intermediates and a number of 
metabolite end-points (Walter et al., 2009). In the cnidarian-dinoflagellate symbiosis, 
carbon is fixed by the symbiont from CO2 within seconds, passing through the C3 
pathway (Streamer et al., 1993; Whitehead and Douglas, 2003). Incubations with 
enriched seawater under photosynthetic conditions will therefore result in 13C-label 
incorporation into Calvin cycle intermediates and end-products (e.g. glucose) within 
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minutes of exposure to the label (Fig. 4.1). Following fixation into carbohydrates, 
other labelled carbon-rich products such as fatty acids will be synthesised; these 
products may then be respired by the symbiont, incorporated into symbiont 
biosynthesis, or translocated to the host as mobile products (Patton et al., 1977; 
Whitehead and Douglas, 2003; Dunn et al., 2012). Eventually, labelled products will 
be synthesised into growth and storage bodies in both partners, such as 
starch/glycogen, proteins and lipids (von Holt and von Holt, 1968; Walter et al., 2009; 
Kopp et al., 2015). As a consequence, enriched compounds will be detected rapidly 
within the free-metabolite pools of the symbiont, and following translocation, those of 
the host and any associated microflora.  
 
Fig. 4.1: Simplified schematic of the flow of a stable isotope tracer (13C) from 
enriched bicarbonate (H13CO3), producing 
13C-labelled carbon-rich (C-rich) 
organic products (e.g. glucose).  Products may be translocated to the host, 
incorporated in symbiont growth/respiration, or metabolised as 13C-labelled carbon 
backbones in the transamination of nitrogen rich (N-rich) organic products (amino 
acids, proteins and purines). 13C-labelled N-rich organic products may then be 
incorporated into the symbiont, or translocated to the host as 13C-labelled N-rich 
mobile products.  
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The subsequent distribution of label (mass isotopomer distribution, MID) in a given 
compound reflects the characteristic labelling patterns associated with a given 
pathway and its turnover (Walter et al., 2009; Klein and Heinzle, 2012) (Fig. 4.2). 
Provided that the system remains saturated with label, the ratio of labelled products 
and intermediates will continue to increase with continued carbon fixation, becoming 
rapidly enriched above background levels, until eventually reaching an isotopic 
steady state (when all metabolites in the system have an equal distribution of this 
label) (Walter et al., 2009). In a non-isotopically stationary state, the isotope ratio and 
MID of a given compound will be dependent on the dynamic interplay of a number of 
variables, which determine the turnover (flux) of each compound (Young et al., 2011) 
(Fig. 4.2). Principally, these variables are the existing pool size of a given compound, 
its rate of turnover, the duration and enrichment level of label exposure, and the rate 
of carbon fixation. In the case of host pools, enrichment of a given compound will 
also be influenced by the quantity, composition and enrichment of the mobile 
products translocated per symbiont and the associated symbiont density (i.e. net 
translocation of labelled mobile compounds).  
Stable isotope 13C-tracers, coupled with detection and quantitation of MIDs via GC-
MS, can therefore facilitate the investigation of carbon flow from fixation to metabolic 
intermediates and end-products, in the symbiont, host and wider holobiont. In this 
study, non-isotopically stationary 13C-labelling was applied in order to detect 
thermally-induced modifications to symbiont carbon fixation and mobile product 
translocation in the anemone Aiptasia sp. (a model species for the symbiosis) (Weis 
et al., 2008) and subsequently a common reef-building coral, Acropora aspera and 
their in hospite dinoflagellates (Symbiodinium ITS 2 type B1 and C3 respectively). It 
was hypothesised that thermal stress and bleaching resulting in symbiont 
photoinhibition and a reduction in carbon fixation, would result firstly in alterations to 
the identity of labelled products and their corresponding MIDs in the free pools of the 
remaining in hospite symbionts, and subsequently modifications to the downstream 
pools of their respective hosts. Following more prolonged exposure to thermal stress 
and a breakdown in symbiosis function and mobile product translocation, it was 
anticipated that this enrichment in host pools would be minimal.  
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Fig. 4.2: Simplified schematic showing the flow of a stable isotope tracer (13C), 
from enriched bicarbonate (H13CO3) to glucose.  (A) In the Calvin cycle, 13CO2 is 
fixed by Rubisco to ribulose-1,5-biphosphate (RUBP), producing the intermediate 3-
phosphoglycerate (3PGA) (1); glyceraldehyde 3-phosphate (G3P) is then produced, 
with two molecules used to form one of glucose (2). (B) With continued input of 13C 
alone, the ratio of labelled product to unlabelled product will continue to increase, 
until a steady state where all products are 100% labelled.  
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4.2 Materials and methods 
4.2.1 Aiptasia sp. 
A culture of Aiptasia sp. (of unknown Pacific origin) with its in hospite homologous 
symbiont (Symbiodinium minutum, ITS 2 type B1) (Starzak et al., 2014), was 
maintained in the lab in 1 µm filtered seawater (FSW) at 25 °C, with light provided by 
AQUA-GLO T8 fluorescent bulbs at ≈ 95 μmol quanta m-2 s-1 (light:dark = 12 h:12 h). 
Anemones were fed twice a week with freshly hatched Artemia sp. nauplii. Prior to 
the experiment, anemones were rinsed repeatedly with FSW to remove any external 
contaminants and transferred to 250 mL beakers (with 12 individuals per beaker). 
Individuals were acclimated to the experimental set-up for ten days, with the 
seawater in each beaker changed daily. Individuals were starved for five days prior 
to sampling, to ensure that any Artemia had been digested and expelled. Following 
acclimation, the treatment aquaria were ramped up to 32°C ± 0.5°C over a period of 
48 hours (ca. 1°C 3 h-1 during the light period). This heat treatment was maintained 
for a period of seven days. Experimental controls were maintained at 25°C ± 0.5°C.  
Daily measurements of maximum fluorescence yields of photosystem II (PS II) were 
taken using a DIVING-PAM Underwater Fluorometer (Walz, Effeltrich, Germany). In 
order to quantify maximum quantum yield (FV/FM), daily PAM measurements were 
taken from five individuals set aside in each treatment, following 30 min of dark 
adaptation, and mean ± standard error (S.E.M) calculated for each treatment on 
each respective day.  
4.2.2 Acropora aspera 
Fragments (a maximum of 8 cm in length) of the coral Acropora aspera (cream/light 
blue colour morph) (ITS 2 type C3, Chapter 3.3.1) were collected from Heron Island 
reef flat (Great Barrier Reef (GBR), Australia; 23°26’43”S, 151°54’53”E) at low tide 
under GBR Marine Permit G14/36933.2 between 27th-29th March 2015. Fragments 
(n = 11 per colony) were sampled from the unshaded upper branches of six replicate 
colonies (in total amounting to no more than 5% of the donor colony). Replicate 
colonies were separated by a minimum of 10 m to increase the likelihood of 
sampling different host genotypes.  
Fragments were mounted using light-diffusing egg-crate and acclimated for 11 days 
in four experimental aquaria (60 L). Continuous seawater flow-through (ca. 4 L min-1) 
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was provided from Heron Island reef flat. Aquaria were covered with shade cloth to 
reduce midday irradiance (ca. 1500 to 500 μmol photons m-2 s-1). Additional water 
movement was provided in each aquarium by small submersible pumps.  
Following acclimation, two aquaria were heated to 32°C ± 1°C, at a rate of 1°C per 
day. Two control aquaria were left at ambient temperature, averaging 27°C ± 3°C. 
The treatment temperature was maintained for a period of nine days. Light and 
temperature data in each tank were recorded every 10 min by HOBO data loggers 
(Onset Computer Corporation, Bourne, MA, USA). 
Daily measurements of maximum (dark-adapted) yields of PS II were taken using 
pulse amplitude modulation fluorometry (Diving-PAM, Walz, Effeltrich, Germany). 
Maximum yields were taken 30 min after last light. Presented values are based on 
means of triplicate measurements taken from each colony representative (n = 6, one 
per colony, per treatment) designated for PAM sampling. PAM settings were 
maintained over the course of the experiment at: measuring light 4, saturation 
intensity 4, saturation width 0.6 s, gain 1 and damping 2, with the use of the 
measuring light burst function. Measurements were taken at a standard distance of 5 
mm from each sample.  
4.2.3 Stable isotope (13C) incubations 
Aiptasia sp. 
Sampling for metabolite stable isotope analysis was undertaken at 7 d (post heat-
ramp). Prior to the start of the light cycle, for each sample FSW was exchanged for 
200 mL of 13C-labelled sodium bicarbonate (H13CO3) (4 mM) (Sigma-Aldrich, 
Auckland, New Zealand), or 12C-sodium bicarbonate (H12CO3) (4 mM) in 0.22 µM 
FSW. Seawater pH was buffered to that of the FSW (pH 8.2), with the addition of 
NaOH solution (1 M).  
Individuals were then incubated in the light (≈ 95 μmol quanta m-2 s-1) for 5 h, under 
the relevant temperature treatment. At the end of this period, metabolism was 
immediately quenched by snap-freezing individuals in liquid nitrogen, with sampling 
taking less than 10 s. Individuals were then transferred to a -80°C freezer for storage. 
Six replicate samples were taken for each time-point, incubation type and 
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temperature; each replicate sample was comprised of 12 individuals, to ensure 
sufficient biomass for metabolite identification.  
Acropora aspera 
Incubations were initiated on 6 d and 9 d (post heat-ramp).  At each sampling point, 
six coral fragments (one representative per colony) per treatment were incubated in 
the light in individual specimen jars placed in water baths at the relevant 
temperatures (either at a typical ambient temperature of 26°C ± 0.5°C, or 32°C ± 
0.5°C).  
Each jar contained 220 mL of 4 mM H13CO3- or H12CO3-enriched FSW (0.22 µM) 
representing a bicarbonate enrichment of approximately 66% (Tremblay et al., 2012). 
Seawater pH was buffered to that of the flow-through system (ca. 8.34 to 8.52, high 
water to low water). Incubations were for 4 h from the start of the natural light-cycle, 
with the beakers left open and regularly stirred (about every hour) to minimise reuse 
of respired 13CO2. Following the incubation period, samples were immediately snap-
frozen in liquid nitrogen and transferred to a -80°C freezer, until transport via dry 
shipper and analysis at the University of Melbourne. An additional 4-h incubation (n = 
6, one fragment per colony) was carried out in the dark to confirm that label was not 
significantly incorporated by non-photosynthetic activities, such as heterotrophic 
feeding.  
4.2.4 Sample processing of anemones and coral fragments 
All sample processing was undertaken at 4°C in order to minimise any post-sampling 
metabolism. Anemones were homogenized with a saw-tooth homogeniser (IKA T10 
BS5, ThermoFisher Scientific, Auckland, New Zealand) for 10 s at a mid-speed 
setting, and replicate anemones pooled (n = 12) to make each sample. The total 
sample volume was then topped up to 30 mL with chilled MilliQ water (MQ) at 4°C. 
Coral fragments were first defrosted on ice. Tissue was then removed from the 
skeleton via airbrush into 50 mL of chilled MQ at 4°C. The tissue suspensions were 
homogenised with a saw-tooth homogeniser (Ystral D-79282, Ballrechten-Dottingen, 
Germany) for 10 s at a mid-speed setting.  
Following homogenization, anemone and coral samples were processed using the 
same methods. In each case, following a vortex for 30 s, three 1 mL aliquots were 
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removed from the whole homogenate for Symbiodinium cell counts, photosynthetic 
pigment analysis, host protein quantification and dominant Symbiodinium genotyping 
(corals only). The remaining tissue homogenate was centrifuged (2,500 x g for 5 min 
at 4°C) to separate Symbiodinium cells from host material. The supernatant 
comprising the host material was removed and re-centrifuged to pellet any 
contaminating algal material (4,500 x g for 5 min at 4°C). The resulting supernatant, 
comprising the purified host material, was then immediately frozen at -80°C and 
freeze-dried (Alpha 1-4 LD Plus, Martin Christ, Osterode am Harz, Germany). The 
Symbiodinium pellet was washed twice with 40 mL chilled MQ at 4°C, by repeated 
centrifugation (2,500 x g for 5 min at 4°C) to remove host material. The purified pellet 
was then frozen at -80°C and freeze-dried. Once fully dry, each fraction was weighed 
out (15 mg of symbiont fraction; 30 mg host fraction) into 1.5 mL microcentrifuge 
tubes, ready for metabolite extraction.  
4.2.5 Intracellular metabolite extraction  
For host samples, 750 μL of 100% cold MeOH (at -20°C) was added to each of the 
dry samples in order to extract the semi-polar metabolites. Methanol contained 
internal standards (IS) of D-Sorbitol-1-13C (Sigma-Aldrich, Auckland, New Zealand) 
at 1%. Samples were then sonicated for 30 min at 4°C, vortexed to mix, and the non-
polar fraction extracted and separated via centrifugation (3,060 x g for 30 min at 4°C). 
For algal samples, lysis of the Symbiodinium cell wall was necessary, and achieved 
via bead-milling. Acid-washed glass beads (approximately 20 mg of 710–1,180 μm; 
Sigma-Aldrich, Auckland, New Zealand) and 200 μL of 100% cold MeOH (at -20°C) 
plus IS at 1% were added to each sample, and bead-milling (Tissuelyser II, Qiagen 
Inc., Hilden, Germany) conducted for 4 min at a frequency of 30 Hz. Visual counts 
(haemocytometer) of trial samples confirmed effective cellular disruption (over 90% 
of cells). A further 550 μL of 100% cold MeOH (at -20°C) were then added to each 
sample (including IS at 1%), and the samples centrifuged (3,000 x g for 30 min at 
4°C).  
The resulting supernatants containing the semi-polar extract were collected and 
stored on ice. Extraction of host cell debris or the algal cell pellet was then repeated 
with 750 μL 50% MeOH (at -20°C), and the samples vortexed to mix and re-
centrifuged (3,000 x g for 30 minutes at 4°C) to extract the polar fraction. The 
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resulting semi-polar and polar extracts were then combined and centrifuged at         
21,200 x g for 5 min at 4°C to precipitate any particulates. Aliquots of each fraction 
(200 µL host; 150 µL symbiont) were then concentrated via speedvac (Christ, RVC 
2-33, John Morris Scientific, Melbourne, Australia) at 30°C, until dry.  
4.2.6 Online derivatization and GC-MS analysis 
All samples were re-dissolved in 20 µL of 30 mg mL−1 methoxyamine hydrochloride 
in pyridine and derivatized at 37°C for 120 min with mixing at 500 rpm. 20 µL N,O-
bis-(trimethylsilyl)trifluoroacetamide (BSTFA) and 1 µL retention time standard 
mixture [0.029% (v/v) n-dodecane, n-pentadecane,  n-nonadecane, n-docosane, n-
octacosane, n-dotriacontane, n-hexatriacontane dissolved in pyridine] were then 
added and the samples incubated for 30 min with mixing at 500 rpm. Each 
derivatized sample then was allowed to rest for 60 min prior to injection into the GC-
MS. 
GC-MS analysis was performed on an Agilent 7890 gas chromatograph equipped 
with Gerstel MPS2 multipurpose sampler and coupled to an Agilent 5975C VL mass 
selective detector, run in splitless mode, with an injection volume of 1 µL of each 
sample and a technical replicate of two injections per sample. Instrument control was 
performed with Agilent G1701A Revision E.02.01 ChemStation software. The gas 
chromatograph was fitted with a Varian Factor 4 column (VF-5ms; 30 m × 0.25 mm × 
0.25 µm + 10m Ezi-guard). Helium (Ultra High Purity) was in constant flow mode at 
approximately 1 mL min-1, with retention time locking (RTL) applied. The oven 
temperature was started at 70°C, held at this temperature for 1 min, then increased 
by 7°C min-1 to 325°C, and finally held at this temperature for 3.5 min.  
The mass spectrometer quadrupole temperature was set at 150°C, with the source 
set at 250°C and the transfer line held at 280°C. Positive ion electron impact spectra 
at 70 eV were recorded in scan mode with the following settings: gain factor 1.00; 
detector threshold 150; mass to charge (m/z) range 50-600 m/z; and solvent delay 
6.0 min. 
4.2.7 Data analysis and validation  
Data were processed using the Agilent MassHunter Workstation Software, 
Quantitative Analysis, Version B.05.00/Build 5.0.291.0 for quantitation of all 
compounds. Metabolite data extraction and analysis were undertaken based on the 
117 
 
protocol described in Dias et al. (2015). Compound identification was based on an 
in-house library of MS spectra, with retention indices based on n-alkane standards 
and fatty acid standards (Menhaden fish oil, Sigma-Aldrich, Auckland). Where a 
metabolite could not be positively identified, putative identifications are presented 
where possible and noted with a question mark preceding the compound name. In 
the case of galactosylglycerol, multiple hits for this compound were detected at two 
retention times, indicative either of the existence of a structurally similar unknown 
compound (such as an intermediate), or isomers of the metabolite. In this instance 
the two compounds are reported as galactosylglycerol and differentiated by their 
respective retention times (i.e. galactosylglycerol_25.60 and 
galactosylglycerol_26.45). Derivative peak areas were used to semi-quantify the 
concentrations of individual metabolites. Data were then normalized to the final area 
of the internal standard and sample dry weight.  
Samples were deconvoluted, peaks detected and labelled compounds identified with 
use of three software packages: Automated Mass spectral Deconvolution and 
Identification System (AMDIS), Metabolite Detector (MD) and Non-Targeted Tracer 
Fate Detection (NTFD) (Hiller et al., 2009; Hiller et al., 2013). Briefly, components in 
a given sample were separated, detected and identified during deconvolution using 
MD, with the application of retention indices from the alkane standard runs. 
Identifications were then manually cross-checked in AMDIS and MassHunter. The 
resulting data files were then imported directly in to NTFD for 13C-enrichment 
analysis. The enriched (13C-labelled) and non-enriched samples for each Aiptasia 
sample, or Acropora colony, at a given time-point and treatment were then loaded 
into NTFD. NTFD automatically pairs every compound detected in the labelled 
chromatogram to its counterpart in the unlabelled chromatogram, based on retention 
time and mass spectral identity (Hiller et al., 2013). The mass isotopomer distribution 
(MID) (i.e. M+0 – M+10) for every detected and labelled fragment ion was then 
calculated using the strictest detection settings in order to minimise the generation of 
false positives (Hiller et al., 2013; Weindl et al., 2015); required number of labelled 
fragments = 2, minimal isotopic enrichment = 5, R2 = 0.98, and maximal fragment 
deviation = 0.02. A characteristic ion was then manually selected for each of the 
compounds identified as labelled. This ion was typically the most abundant and/or 
closest to the molecular ion. Mean values (n = 6) for each MID associated with this 
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ion were then calculated with standard error (S.E.M) for each compound, at a given 
time-point within each treatment.  
In all instances, the MID is a fraction of the total ion distribution, amounting to 1, or 
100% (Fig.4.3). Where there is no label incorporation, the non-enriched fraction 
(M+0) will amount to ca. 98.9%, with natural levels of 13C at 1.1%. With 13C 
enrichment, M+0 (non-labelled fraction) will decline, with corresponding increases in 
the labelled fraction (M+1 to M+10 etc). The sum of the total enriched fraction can 
therefore be represented as 1 – M+0, or M+X.  
In order to account for differences in symbiont densities and relative pool sizes of 
each compound between treatments and time-points, in each case relative amounts 
of the labelled (M+X) and non-labelled (M+0) fraction were calculated for each 
compound, for symbiont (SM+0 and SM+X) and host (HM+0 and HM+X), based on the 
calculations below (Equations 1-4) and as illustrated in Fig. 4.3. It should be noted 
that, in the case of the host, relative amounts of each compound were first 
normalised to symbiont density to account for differences between treatments (i.e. 
bleaching) and hence translocation of labelled product (fewer symbionts, therefore 
less net translocated and labelled product in total). 
SM+0 = 𝑀 + 0 × 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎 [Eq. 1] 
SM+X = (1 − 𝑀 + 0) × 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎 [Eq. 2] 
HM+0 = (
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑠𝑦𝑚𝑏𝑖𝑜𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) × 𝑀 + 0 [Eq. 3] 
HM+X = (
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑠𝑦𝑚𝑏𝑖𝑜𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) × (1 − 𝑀 + 0) [Eq. 4] 
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Fig. 4.3: Summary of the process of calculation for relative label amount in 
each compound in the host fraction.  In the case of glucose: (A) Unlabelled 
glucose was detected in host pools at a retention time of 21.06 min. The ion 319 was 
used to calculate the MID (M+0 – M+10) of the compound with NTFD, in terms of 
label incorporation M+1 - M+10 (M+X) and the remaining unlabelled fraction (M+0), 
under control (7C; 7 days control temperature) and treatment (7HS; 7 days heat-
stress) temperatures; (B and C) The relative abundance of glucose in each sample 
(B), was then normalised to respective symbiont density, producing a relative 
abundance normalised to symbiont cell number (C); (D) The normalised and relative 
amounts (y-axis) of labelled (M+X in grey hatching) and un-labelled fractions (M+0 
shaded) could then be determined, by multiplying enrichment (M+X) by normalised 
amount of glucose. Data are means of each treatment group (n = 6), plus S.E.M.  
 
As the transformed enrichment data failed the assumptions of parametric tests 
(normality), a non-parametric equivalent (independent samples Mann-Whitney U 
test) was used to compare both relative enrichment values, and relative amounts of 
each compound between treatments and time-points, in IBM SPSS Statistics (v22). 
In all other data sets, RMANOVA or one-way ANOVA were applied, as the 
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untransformed data met test assumptions of normality and variance. Differences 
were considered significant at the P < 0.05 probability level. 
4.2.8 Quantification of bleaching in Aiptasia and corals  
Symbiodinium cell densities were quantified in the un-enriched samples using 
Improved Neubauer haemocytometer counts (Boeco, Germany), with a minimum of 
six replicate cell counts per sample to a confidence interval of below 10%. Cell 
density was normalised to soluble protein content (Aiptasia sp. only), which was 
assessed by the Bradford assay (Bradford, 1976) carried out on the supernatant of 
centrifuged (16,000 x g for 10 min) host fraction, or to coral fragment surface area 
measured with the wax-dipping method (Stimson and Kinzie, 1991).  
Symbiont chlorophyll a (Chl a) content was quantified in the un-enriched samples 
after N,N dimethylformamide (DMF) extraction in darkness over 48 h at 4°C. Extracts 
were centrifuged (16,000 x g for 5 min) and triplicate 200-μL aliquots were measured 
in 96-well plates (UVStar, Greiner Bio-One GmbH, Germany) at 646.8, 663.8 and 
750 nm, using a microplate reader (Enspire_2300, Perkin-Elmer, Waltham, MA, 
USA). Chl a concentrations were determined after optical path-length correction 
(0.555 cm) using the equations of Porra et al. (1989).  
 
4.3 Results 
4.3.1 Aiptasia thermal stress indicators 
Exposure of Aiptasia to 32°C for 7 days resulted in a significant decline in the 
maximum quantum yields of PS II (Fv/Fm; Fig. 4.4), which differed with time and 
treatment (RMANOVA, time x temperature F9,72 = 10.49, P < 0.001, with Bonferroni 
correction).  After 7 days, Fv/Fm within the treatment group declined ca. 8% to 0.59 ± 
0.01 versus 0.64 ± 0.01 in the control. However, this relatively small decline in 
maximum quantum yields coincided with a 49% reduction in symbiont density 
relative to controls at 7 d (4.89 x106 cells mg-1 protein ± 0.38 x106 S.E. versus 9.62 
x106 cells mg-1 protein ± 0.51 x106 S.E.M, respectively; one-way ANOVA, F1,12 = 
35.02, P < 0.001). Chlorophyll a concentration per remaining cell, however, was not 
significantly affected by temperature, with values ranging from approximately 2.03 to 
3.07 pg chl a cell-1 (one-way ANOVA, F1,10 = 3.27, P = 0.101). 
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Fig. 4.4: Daily measurements of maximum quantum yields of PSII of in hospite 
Symbiodinium in Aiptasia at 25°C and 32°C.  R1 – R2: heat ramp for treatment 
group (ca. 1°C 3 h-1 during the light).  Asterisks denote statistically significant test 
results, * P < 0.05, ** P < 0.005, *** P < 0.001. (n = 5; values are means ± S.E.M).  
 
4.3.2 Acropora aspera thermal stress indicators 
Exposure to 32°C for both 6 and 9 days resulted in significant declines in the 
maximum quantum yields of PS II (Fv/Fm; Fig. 4.5), which differed with time and 
treatment (RMANOVA, time x temperature F15,150 = 21.13, P < 0.001, with Bonferroni 
correction). After 6 days, Fv/Fm within the treatment group declined ca. 15% to 0.61 ± 
0.05, compared to 0.72 ± 0.01 in the control. After 9 days, photoinhibition was more 
severe in the treatment group, with a decline of ca. 36% to 0.46 ± 0.13, compared to 
0.72 ± 0.01 in the control. 
Symbiodinium cell density also declined significantly in the heat-treatment group at 
both 6 d (one-way ANOVA, F1,10 = 42.49, P < 0.001) and 9 d (one-way ANOVA, F1,10 
= 65.78, P < 0.001). Elevated temperature caused a reduction of ca. 39% and 69% 
in symbiont density relative to controls after 6 and 9 days, respectively (Fig. 4.5). 
Chlorophyll a concentration per cell, however, remained unaffected by temperature, 
with values ranging from approximately 4.9 to 4.4 pg chl a cell-1 (one-way ANOVA,   
6 d F1,10= 1.339, P = 0.274, 9 d F1,10= 1.609, P = 0.233). 
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Fig. 4.5: Bleaching response of Acropora aspera to elevated temperature.  (A) Maximum quantum yield of PSII of in hospite 
Symbiodinium in A. aspera fragments versus time at ambient temperature (ca. 27°C) and elevated temperature 32°C (n = 6). R0 – 
R5: heat ramp for treatment group (ca. 1°C day-1). (B) Symbiont chlorophyll a content cell-1 and (C) symbiont cell density following 6 
and 9 days exposure to 32°C (n = 6). In each case, asterisks denote statistically significant test results, * P < 0.05, ** P < 0.005, *** 
P < 0.001. (n = 6; values are means ± S.E.M.) 
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4.3.3 13C labelling in Aiptasia 
A total of 32 compounds were consistently labelled from symbiont (26 in total) and 
host (13 in total) free pools in the Aiptasia model (Table S4.1 and S4.2). In the 
symbiont fraction, almost half of these compounds were comprised of saturated, 
monounsaturated and polyunsaturated fatty acids, in addition to a number of 
lipogenesis intermediates. In contrast, in the host fraction the majority of labelled 
compounds were comprised of a range of carbohydrate groups, namely sugar 
alcohols, and mono- and disaccharides. Thermal stress resulted in altered relative 
pool size (abundance) and label amount (M+X) in metabolite pools of both symbiont 
and host; changes to each partner are discussed in more detail in the sections below.  
Aiptasia- associated symbiont  
Fatty acids comprised the major group (in terms of number of compounds) that were 
labelled in the dinoflagellate, though the highest degree of enrichment was detected 
in monosaccharide sugars (glucose and galactose), central pathway- (citrate) and 
lipogenesis intermediates (galactosylglycerol_25.60, monopalmitoylgylcerol and 
monohexadecanoylglycerol). Under ambient conditions, total enrichment (M+X) of 
these compounds was ca. 35%. In contrast, label incorporation into the fatty acid 
pool was around ca. 15%-20%. Label was detected in a number of compounds 
under control conditions, where no tracer was detectable under thermal stress; these 
included glycerol, threonate, C22:0 and melibiose (Table S4.1).  
Interestingly, in the case of glucose, citrate and the major fatty acids C16:0 and 
C18:0, there was no effect of thermal stress on either compound pool size or 
enrichment (Fig. 4.6). In contrast, thermal stress resulted in a number of complex 
changes to both pool size and enrichment in a number of downstream metabolites. 
Primarily, this involved increased enrichment of the monosaccharide galactose and 
increased pool size of the sugar alcohol scyllo-inositol; notably, for scyllo-inositol, 
this increase in pool size was ca. 620% relative to controls. In contrast, a reduction in 
label incorporation was observed for the disaccharide turanose and the fatty acid 
C16:1, coupled to declines in the pools of adenosine, maltose, turanose, 
galactosylglycerol_25.60, C12:0, C14:0, C16:1 and an unidentified fatty acid.  
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Fig. 4.6 (above and previous page): Enrichment (M+X) and abundance of key compounds in symbiont pools at the control 
temperature (C) and under heat stress (HS) at 7 d, with un-labelled retention time and quantification ion. Grey hatching 
represents the labelled (M+X) fraction of the total pool (total bar height) and the remaining shaded fraction represents the 
unlabelled (M+0) fraction. Data are normalised relative mean abundances plus S.E.M. (n = 6). Horizontal brackets represent 
significant differences between treatments of either M+0 or M+X. Vertical brackets represent significant differences between 
treatments in normalised relative abundance of a given compound (Mann Whitney U test). Asterisks denote significance at * P < 
0.05, ** P < 0.01, *** P < 0.001.   
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Aiptasia host  
Interestingly, under control conditions, the major labelled compound in the Aiptasia 
host fraction was the sugar alcohol myo-inositol, which was ca. 48% labelled. This 
was followed by the lipogenesis intermediate galactosylglycerol_25.60 and the 
monosaccharide galactose, ranging from ca. 20 – 28% enriched (Fig. 4.7).   
When the abundance of individual compounds in host pools were normalised to 
symbiont number, there was no effect of thermal stress on pool size of a number of 
metabolites, including the mono- and disaccharide sugars fructose, galactose and 
glucose. Similarly there was also no difference in enrichment of these compounds 
between treatments. In contrast, a large increase in both enrichment and pool size 
was detected for the sugar alcohol scyllo-inositol. Once again, the scale of increase 
in scyllo-inositol with thermal stress was notable, at ca. 1300% compared to controls. 
In addition, there was also increased enrichment of the lipogenesis intermediate 
galactosylglycerol_25.60 with thermal stress. This was coupled to increased pools of 
glycerol and myo-inositol in the heat-stressed group.  
Label was detected in a number of compounds under control conditions for which no 
detectable labelling was observed under thermal stress, and vice versa. Compounds 
that were enriched under control conditions only included sucrose and turanose, 
whilst those only labelled during thermal stress included the antioxidant precursors 
glutamate and pyroglutamate, in addition to the glycolysis intermediate glycerate 
(Table S4.2).  
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Fig. 4.7: Enrichment (M+X) and abundance of compounds in host pools under control (C) and heat stress (HS) at 7 d, with 
un-labelled retention time and quantification ion.  Grey hatching represents the labelled (M+X) fraction of the total pool (total 
bar height) and the remaining shaded fraction represents the unlabelled (M+0) fraction. Data are normalised relative mean 
abundances plus S.E.M. (n = 6). Horizontal brackets represent significant differences between treatments of either M+0 or M+X. 
Vertical brackets represent significant differences between treatments in normalised relative abundance of a given compound 
(Mann Whitney U test). Asterisks denote significance at * P < 0.05, ** P < 0.01, *** P < 0.001. 
  
128 
 
4.3.4 13C labelling in Acropora aspera 
A total of 47 compounds were consistently labelled from symbiont (21 in total) and 
host (34 in total) fractions of the coral A. aspera (Table S4.3 to S4.6). As for Aiptasia, 
in the symbiont the majority of labelled compounds consisted of fatty acids and 
lipogenesis intermediates. In the coral host, a greater number and diversity of 
labelled compounds were detected compared both to the coral symbiont and the 
Aiptasia model (both host and symbiont), including a number of amino acids, 
intermediates, carbohydrates, fatty acids and lipogenesis intermediates. Thermal 
stress for 6 d and 9 d resulted in a number of complex changes, both with respect to 
the relative abundance and enrichment (M+X) of the free metabolite pools of 
symbiont and host; changes to each fraction are discussed in more detail in the 
sections below.  
No significant enrichment of either symbiont, or host pools was detected in the dark 
incubations, suggesting that label incorporation was via symbiont photosynthesis 
and translocation of organic products.  
Acropora-associated symbiont  
Under ambient conditions, high enrichment (between 32-69%) was detected in a 
number of metabolite groups, including glycerol, C14:0, glucose, C16:0, and 
monopalmitoyl- and monohexadecanoylglycerol. However the greatest labelling was 
detected in an unidentified sugar detected at a retention time of 38.70 (73% 
enriched) (Fig.4.8).  
Thermal stress resulted in a number of complex modifications to both relative pool 
size and enrichment of a number of compounds, which varied with stress duration. 
Pools of a number of central carbon metabolites were elevated with thermal stress, 
including glucose (ca. 190% at 9 d) and glycerol (ca. 200% at 6 d and 80% at 9 d). In 
the case of glycerol at 6 d, this increase in pool size was also reflected in the 
enrichment of the pool, corresponding to an increase of M+X by 200% at ca. 32% 
enriched.  
Similarly, there was also increased labelling of the galactose pool at 6 d thermal 
stress (100% increase and ca. 15% enriched). In addition, pools of early phase 
lipogenesis intermediates were also elevated at both 6 d and 9 d relative to controls, 
129 
 
including pools of monopalmitolylglycerol, monohexadecanoylglycerol, C12:0, C14:0 
and C16:0. For C12:0 and C14:0, the scale of change was notable at both 6 d and   
9 d, with increased pools of C12:0 (480% and 530%, respectively) and C14:0 (290% 
and 277%, respectively). Coupled to these large accumulations of C12:0 and C14:0 
with thermal stress, overall enrichment was reduced (ca. 50% control to ca. 30% 
heat stress), though at 6 d relative pool size of the M+X fraction had increased. At 9 
d thermal stress, however, enrichment of the total pool was further reduced to ca. 
20%.  
Coinciding with these accumulations of early-stage lipogenesis intermediates and 
fatty acids in the symbiont pools, there was a decline in the enrichment of the longer-
chain fatty acids at 9 d (and in some cases no label was detected); namely C20:5, 
C20:0 and C22:6, in addition to the lipogenesis intermediate 
galactosylglycerol_26.45.  
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Fig. 4.8 (above and previous page): Enrichment (M+X) and abundance of compounds in symbiont pools under control (C) 
and heat stress (HS) at 6 d and 9 d, with un-labelled retention time and quantification ion.  Grey hatching represents the 
labelled (M+X) fraction of the total pool (total bar height) and the remaining shaded fraction represents the unlabelled (M+0) fraction. 
Data are normalised relative mean abundances plus S.E.M. (n = 6); where no error bar is present label was detected in only a 
single replicate. Horizontal brackets represent significant differences between treatments of either M+0 or M+X. Vertical brackets 
represent significant differences between treatments in normalised relative abundance of a given compound (Mann Whitney U test). 
Asterisks denote significance at * P < 0.05, ** P < 0.01, *** P < 0.001.   
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Acropora host  
As for the symbiont, relatively high levels of enrichment (31-73%) were detected in 
the coral host for a number of compounds under ambient conditions, including 
glycerol, glycerate, galactose, scyllo-inositol and monopalmitoylglycerol, with the 
highest enrichment in the lipogenesis intermediate galactosylglycerol_25.60 (ca. 
75% enriched). Following normalisation to account for differences in symbiont 
density, thermal stress resulted in a number of complex modifications to both relative 
abundance and enrichment of multiple compounds, which varied with stress duration. 
Most notably, there was a large increase (above 200%) in the abundance of a 
number of compounds at 9 d; for instance glycerol (ca. 270%), serine (ca. 1000%) 
and proline (ca. 200%) (Fig. 4.9).  
In contrast, the abundance of some compounds, when normalised to symbiont 
density, closely mirrored dinoflagellate number (i.e. they appeared unchanged 
according to treatment after normalisation); for instance maltose, erythronate, 
glycerate, glutamate and galactosylglycerol_26.45.  
Additional modifications after thermal stress were observed for a number of 
compounds in terms of enrichment and abundance, at both 6 d and 9 d. Interestingly, 
there were notably large increases of the labelled galactose pool with thermal stress 
at both sampling points (ca. 80% and 160%, respectively) and glucose at 9 d only 
(ca. 1200%). In contrast, there was reduced enrichment after 9 d of thermal stress 
for a number of compounds, including turanose, proline, C16:0, galactinol and 
galactosylglycerol_25.60. In addition, no label was detected in a number of 
compounds at 9 d, including myo-inositol, C14:0, or the lipogenesis intermediates 
monopalmitolyglycerol, monohexadecanoylglycerol and digalactosylglycerol. The 
lack of labelling after 9 d of thermal stress in myo-insitol is notable given that relative 
pool size was elevated by ca. 1300%. In contrast, pools of scyllo-inositol were both 
elevated (ca. 370%) and increasingly labelled (ca. 1110% increase, 20% enriched) 
after 9 d of elevated temperature. 
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Fig. 4.9 (Above and previous pages): Enrichment (M+X) and abundance of compounds in host pools under control (C) and 
heat stress (HS) at 6 d and 9 d, with un-labelled retention time and quantification ion.  Grey hatching represents the labelled 
(M+X) fraction of the total pool (total bar height) and the remaining shaded fraction represents the unlabelled (M+0) fraction. Data 
are normalised relative mean abundances plus S.E.M. (n = 6); where no error bar is present label was detected in only a single 
replicate. Horizontal brackets represent significant differences between treatments of either M+0 or M+X. Vertical brackets 
represent significant differences between treatments in normalised relative abundance of a given compound (Mann Whitney U test). 
Asterisks denote significance at * P < 0.05, ** P < 0.01, *** P < 0.001.    
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4.4 Discussion 
 
Exposure to elevated temperatures (32°C for 6 d, 7 d and 9 d) resulted in 
declines in maximum quantum yields of PS II relative to control or ambient 
conditions, in the in hospite dinoflagellate symbionts of Aiptasia sp. and the 
coral Acropora aspera (harbouring Symbiodinium ITS 2 types B1 and C3, 
respectively). Changes in the efficiency of PS II in Aiptasia were relatively 
minimal across the experiment (ca. 8% decline in maximum yields of PS II 
relative to controls at 7 d) and appeared to stabilise prior to metabolite 
sampling at 7 d. Continuing declines in maximum quantum yields of PS II 
were more apparent in A. aspera, perhaps due to the greater irradiance to 
which it was subjected (maximum mid-day irradiance of around 500 μmol 
quanta m-2 s-1 compared to 95 μmol quanta m-2 s-1). Reductions in maximum 
quantum yields of PS II are considered indicative of photoinactivation and 
photoinhibition in the dinoflagellate symbiont (Warner et al., 1996; Jones et al., 
1998; Warner et al., 1999) and here coincided with large declines in symbiont 
density (up to ca. 70% in A. aspera at 9 d), characteristic of bleaching during 
thermal stress (Hoegh-Guldberg and Smith, 1989; Jokiel and Coles, 1990).  
This thermal stress resulted in clear changes to the free metabolite pools of 
symbiont and host in both symbioses. These modifications were principally 
associated with alterations to central metabolism, biosynthesis pathways, the 
breakdown of energy stores and the maintenance of oxidative and osmotic 
state. However, perhaps surprisingly given the degree of thermal stress and 
photodamage observed, in all instances there was continued fixation and 
translocation of labelled organic products, suggesting that remaining 
symbionts were, at least in part, metabolically functional in terms of continued 
provision of mobile products towards host metabolism.  
4.4.1 Continued carbon fixation and mobile product translocation during 
thermal stress  
Interestingly, in all treatments and at all sampling time-points, there was 
significant labelling (above 30%) of organic compounds detected in symbiont 
and host free-metabolite pools. As no enrichment was detected in either the 
pools of the symbiont or host dark controls (A. aspera only was tested in this 
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respect), this would imply that even during the pronounced stages of thermal 
stress seen after nine days of elevated temperature in A. aspera, the 
remaining symbionts continued to fix carbon, synthesise organic compounds 
de novo and translocate mobile products to the host. Given that glucose is a 
major output of carbon fixation in the dinoflagellate (Streamer et al., 1993; 
Whitehead and Douglas, 2003; Burriesci et al., 2012), it would be expected 
that, under optimal conditions (i.e. non-photoinhibited) with high rates of 
carbon fixation and energy generation, glucose pools would turnover at a 
rapid rate with a high degree of label incorporation. In contrast, during thermal 
stress and photoinhibition, the rate of carbon fixation, and therefore the 
production of glucose de novo (and therefore labelled glucose) would decline 
(Smith et al., 2005; Hoogenboom et al., 2006).  
In Aiptasia after seven days of elevated temperature treatment, there was no 
difference in either the relative abundance or the degree enrichment of 
glucose, in either the symbiont (ca. 30% enriched) or host (at ca. 15% 
enriched) intracellular pools. This was likely as a result of the minimal 
photodamage observed to the Aiptasia-associated symbiont and the 
stabilisation of maximum quantum yields prior to metabolite sampling. It may 
be that in this instance the symbiosis was, following a degree of bleaching, 
able to acclimate to the new conditions and establish a new steady state 
density, such as previously shown following bleaching (Jones and Yellowlees, 
1997; Jones et al., 2008). However, in the coral-associated dinoflagellate after 
both six and nine days of thermal stress, there was also no change in the 
enrichment of the glucose pool, which remained high (ca. 50-30% enriched). 
These findings are surprising, particularly in the more advanced stages of 
photodamage observed at day nine. As photoinhibition leads to a reduction in 
carbon fixation and turnover of the Calvin cycle (Jones et al., 1998; Smith et 
al., 2005), a decline in the production and enrichment of associated 
downstream products would be expected under these conditions. Therefore it 
may be that in this instance the rate of repair to photosystems was able to 
keep pace with the rate of damage, with photosystems under a state of 
photoinactivation, rather than photoinhibition. Additionally given the central 
role of glucose in metabolism, it is likely that the turnover of this compound is 
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tightly regulated (Geiger and Servaites, 1994; Smeekens et al., 2010). It is 
therefore conceivable that, where carbon fixation is still on-going, but under 
conditions of ATP limitation (such as associated with conditions of 
photoinactivation), energy requirements for the de novo production of glucose 
in the dinoflagellate (and therefore continued high enrichment) are sourced 
from alternate sources, such as the breakdown of energy stores (lipid and 
starch) (see glyoxylate cycle below).  
Further to this, in the pools of the coral host there was a massive increase 
(per symbiont cell) in the amount of enriched and non-enriched glucose under 
thermal stress, which corresponded to a 500% and 1200% increase in the 
labelled fraction at 6 d and 9 d, respectively. The scale of this increase in 
glucose abundance per symbiont in the host may reflect, in part, an artefact of 
the normalisation process. That is, as glucose is a central metabolite, total 
pools (M+0 and M+X) are unlikely to be entirely symbiont-derived; as a result, 
normalisation to symbiont number in the bleached fragments would potentially 
result in a large relative increase per symbiont. However, this accumulation of 
glucose was also coupled to an increase in enrichment of the compound in 
host pools. Taken together these data indicate continued glucose synthesis 
de novo, translocation of the enriched compound, input from non-labelled 
sources (such as associated with gluconeogenesis) and increased 
metabolism (turnover) of this compound under thermal stress in free pools of 
the A. aspera host.  
These data therefore support previous work from the in hospite symbiosis, 
showing glucose to be the major translocated mobile compound in the 
symbiosis (Ishikura et al., 1999; Whitehead and Douglas, 2003; Burriesci et 
al., 2012), as opposed to the traditionally held view of glycerol as the 
dominant component of translocated photosynthate (Muscatine, 1967; 
Muscatine and Cernichiari, 1969; Trench, 1971). Further to this, the degree of 
labelling of glucose pools in the heat-stressed coral host also suggests that, 
under thermal stress and photodamage, translocation is not only still ongoing, 
but may actually increase per symbiont. As such remaining in hospite 
symbionts may still play a role in the maintenance of host energy budgets 
(primarily respiration) (Muscatine et al., 1984; Bachar et al., 2007) during 
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ongoing bleaching. This increase in per symbiont translocation of carbon at 
lower symbiont densities, may be due to increases in the availability of light 
and inorganic compounds, such as DIC and DIN (Tremblay et al., 2014; 
Hoadley et al., 2016). Nevertheless, the drastic reductions in symbiont density 
seen here, coupled to increased respiration in the heat-stressed hosts (Coles 
and Jokiel, 1977; Clark and Jensen, 1982), would still likely necessitate 
additional energy generation from alternate sources, such as the breakdown 
of energy stores (lipid and protein) (Grottoli et al., 2004; Imbs and Yakovleva, 
2012) and where possible an increase in heterotrophy (Grottoli et al., 2006).  
Further to the continued translocation of glucose in the heat-stressed coral, a 
number of other compounds were also detected in the anemone and coral 
that may function as mobile (i.e. translocated) compounds under both ambient 
conditions and those associated with elevated temperature; these include 
maltose, glycerate, erythronate, glutamate and galactosylglycerol_26.45. In all 
cases, following normalisation to symbiont number, relative pool size and 
label incorporation closely matched symbiont number between sampling days 
(and therefore appeared unchanged). The presence of organic acids is 
unsurprising, as a number have been previously recorded as mobile 
compounds in the symbiosis (including glutamate and glycerate) (Muscatine 
and Cernichiari, 1969; Trench, 1971; Burriesci et al., 2012). Similarly. lipids 
have also been reported as translocated compounds (Patton et al., 1977; 
Kellogg and Patton, 1983; Papina et al., 2003), however the detection of 
maltose was surprising as this has not been reported previously in the 
translocate of this symbiosis (though it is well known in the hydra-Chlorella 
symbiosis) (Cernichiari et al., 1969; Mews, 1980). Maltose is a product of 
starch breakdown, and as the symbiont has major starch stores its exchange 
is plausible, yet its lack of detection in previous studies of translocation in 
symbiotic anthozoans suggests the possibility of another origin, as discussed 
further in Section 4.4.5.  
4.4.2 Enhanced galactose metabolism during thermal stress 
Also of note were thermally-induced modifications to both the enrichment and 
abundance of pools of a number of carbohydrates, particularly galactose. 
These alterations to the galactose pool were to a lesser extent in the 
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anemone, where in the symbiont fraction only, there was an increase in the 
enriched pool of ca. 40%. Similarly in the heat stressed symbionts of A. 
aspera at 6 d only, there was an increase in the abundance of the labelled 
compound of ca. 100%. These increases were not coupled to significant 
changes in the total pool size of the compound, suggesting instead increased 
turnover of the labelled pool only (de novo synthesis) during the initial phases 
of thermal stress, which was not observed in the later stage of thermal stress 
at 9 d. In the pools of the heat-stressed anemone host, a trend of increase 
was observed in the abundance of both the labelled and non-labelled fraction 
(i.e. an increase in the total galactose pool size). Further to this, in the coral 
host, abundances of the labelled and non-labelled compound were 
significantly increased with thermal stress at both sampling points. At 9 d this 
increase in the total pool size was to the greatest extent, at around 200%. 
Interestingly however, in all treatments enrichment of the coral host’s 
galactose pool was high (ca. 60-70% labelled). As galactose forms a major 
portion of the coral host’s free metabolite pool under ambient and heat-stress 
conditions (Chapter 3), this high degree of enrichment is most likely 
associated with rapid incorporation and turnover of this pool. It is therefore 
likely that this monosaccharide plays a central role in some aspect of the 
metabolism of the coral symbiosis, and that turnover of symbiont pools and 
input into host pools is enhanced during thermal stress from both 
photosynthetic and non-photosynthetic sources.  
Few data are available on the metabolism of galactose in the cnidarian-
dinoflagellate symbiosis, and it has not previously been reported as a mobile 
compound in the symbiosis. Excluding symbiont translocation, host galactose 
pools may be sourced via a number of central biosynthesis pathways, and 
based on analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) 
data for the anemone Nematostella vectensis (http://www.genome.jp), 
synthesised from glucose, the hydrolysis of glycerolipids such as 
galactosylglycerol, or from heterotrophic sources associated with the 
breakdown of lactose. Galactose may then be used in central metabolic 
processes, such as glycolysis, and in biosynthesis pathways, such as the 
production of glycerolipids, glycoproteins and other complex polymers, like 
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those associated with the organic matrix of the coral skeleton (Cuif et al., 
1999; Ramos-Silva et al., 2014). Galactose-binding lectins also play an 
essential role in cellular recognition, and the establishment and maintenance 
of symbiosis (Fenton-Navarro et al., 2003; Wood-Charlson et al., 2006).  The 
role of this compound in the coral-symbiosis clearly requires further study, 
however it is of interest that the turnover of this pool (i.e. the degree of 
labelling) is so much greater in the coral host than in Aiptasia. This may, in 
part, be due to differences in the physiologies of the anemone and reef-
building coral, including skeleton formation and the production of skeletal 
organic matrix-associated compounds.  
4.4.3 Modifications to lipogenesis and energy stores during thermal stress 
Another major change detected in symbiont pools of both Aiptasia and the 
coral (and to a lesser extent the coral host), were thermally-induced 
modifications to pools of a number of fatty acids, primarily the usually rare 
mid-length fatty acids, C12:0 and C14:0; in both cases, large alterations to the 
relative size of these fatty acid pools were seen. Interestingly, however, these 
changes were not consistent between symbioses. In the case of the Aiptasia 
symbiont (Symbiodinium ITS 2 type B1), there was a decline in pool size of 
both C12:0 and C14:0 (ca. 60% and 50%, respectively) with exposure to 
elevated temperature. This decline accompanied an increase in the overall 
enrichment of the total pool (M+0 and M+X), from ca. 15% to 25% enriched. A 
similar decline in abundance in the symbiont of Aiptasia was also observed 
with respect to the lipogenesis intermediate galactosylglycerol_25.60 and the 
fatty acid C16:1; this was accompanied by increased enrichment of the 
galactosylglycerol_25.60 pool in the Aiptasia host tissues.  
In contrast, in the coral symbiont (Symbiodinium ITS 2 type C3) subjected to 
thermal stress, there was a large increase in pool size of these same fatty 
acids, at both 6 d and 9 d (ca. 530% for C12:0 and 280% for C14:0 at 9 d). 
For both C12:0 and C14:0, the increased pool size coincided with a reduction 
in labelling of the total pool (ca. 50% to 30% enriched). A similar trend in the 
coral-associated dinoflagellate was also observed for glycerol (a precursor to 
fatty acid synthesis), C16:0 and multiple lipogenesis intermediates. These 
changes were also reflected in modifications to multiple lipogenesis 
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intermediates in the coral host pool (primarily galactosylglycerol_25.60, C14:0 
and C16:0).  
These differences in fatty acid biosynthesis and early phase lipogenesis in the 
symbioses may be attributed to a number of interacting factors owing to their 
differing physiologies (see below), however the different light intensities and 
consequently the degrees of symbiont photodamage (Iglesias-Prieto and 
Trench, 1997; Ferrier-Pagès et al., 2007) are likely to be major drivers. It 
would be expected that, under optimal conditions (i.e. non-photoinhibited) with 
high rates of carbon fixation and energy generation, early-phase fatty acid 
biosynthesis and lipogenesis would turn over at the highest rates, with the 
highest degree of label incorporation and a relatively small pool of fatty acid 
intermediates such as C12:0 and C14:0 (Patton et al., 1977; Smith et al., 
2005; Leal et al., 2013). In contrast, during thermal stress, carbon fixation, 
biosynthesis and therefore label incorporation into the fatty acid pool should 
decline, with corresponding accumulations of intermediates in the fatty acid 
pool as a result (Smith et al., 2005; Papina et al., 2007). Similarly, the 
breakdown of these lipid stores (such as triglycerides, TAG) during the 
glyoxylate cycle, will also lead to the accumulation of un-enriched fatty acid 
intermediates in the free pool.  
Unusually, the glyoxylate cycle is present in both partners of the symbiosis 
and serves as a clear indicator of the importance of lipid metabolism in 
symbiotic cnidarians (Tytler and Trench, 1986; Butterfield et al., 2013). More 
typically, the cycle is associated with developing seeds of terrestrial plants, 
which similar to the dinoflagellates (and their hosts), produce a high 
abundance and diversity of fatty acids and large lipid stores, which include 
TAG (Eastmond and Graham, 2001; Rawsthorne, 2002). Under sub-optimal 
conditions for seed development, turnover of the glyoxylate cycle is enhanced, 
leading to modifications of pools of a number of fatty acids, but most notably 
accumulations of the unusual mid-length C12:0 and C14:0 (as observed in the 
coral-symbiosis) (Eccleston and Ohlrogge, 1998; Poirier et al., 1999). It is 
therefore not unreasonable to suggest that a similar mechanism may also 
operate under sub-optimal conditions in both symbiont and host of the 
cnidarian-dinoflagellate symbiosis. Indeed, increased expression of the 
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enzymes involved in this pathway have been detected in thermally-stressed 
corals (Kenkel et al., 2013; Shinzato et al., 2014). Further to this, there was 
minimal labelling of long-chain fatty acids at 9 d in both coral symbiont and 
host, suggesting minimal de novo biosynthesis of these later stage lipid 
precursors with prolonged thermal stress.  
In contrast, photodamage in Aiptasia, which was exposed to much lower light 
intensities than the coral, was minimal (ca. 7% decline in maximum quantum 
yields of PS II), though a degree of damage to the photosynthetic machinery 
was still apparent. Rather than accumulations of C12:0 and C14:0, thermal 
stress resulted in increased turnover and much reduced abundance of these 
pools. In this instance it may be that input into lipogenesis (and the synthesis 
of TAG stores) was still ongoing; this was evident in the continued labelling of 
the long-chain fatty acids C16:0, C18:1, C18:0 and C22:6, and in the labelling 
in host pools of galactosylglycerol_25.60. In contrast, there was also a large 
reduction in the Aiptasia symbiont pools of maltose, a product of starch 
breakdown (Grant et al., 2006; Li et al., 2010). It may be that, during the early 
phases of photoinhibition and associated ATP limitation, this store is 
preferentially broken down in favour of the less efficient beta-oxidation of lipid 
stores.  
Differences between Aiptasia and the coral symbiosis may, however, also be 
attributed to a number of other factors including the differing physiology of 
Symbiodinium types (Tchernov et al., 2004; Díaz-Almeyda et al., 2011) and 
the composition of free metabolite pools in the symbiont (Díaz-Almeyda et al., 
2011; Klueter et al., 2015), in addition to their rates and modes of carbon 
fixation (Brading et al., 2013; Oakley et al., 2014), and their responses to light, 
photoinhibition and thermal stress (Warner et al., 1996; Ferrier-Pagès et al., 
2007; Takahashi et al., 2009; Hill et al., 2012). In addition, both cell 
metabolism and responses to light and thermal stress will differ over the 
course of the day (Brown et al., 1999; Jones and Hoegh‐Guldberg, 2001) 
(although sampling was mid-light cycle in each case) and in response to the in 
hospite environment of the host (Bhagooli and Hidaka, 2003; Abrego et al., 
2008; Baird et al., 2009a).  
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4.4.4 Accumulations of inositol and compatible solutes with thermal stress  
Thermally-induced modifications were also detected to both pool size and the 
degree of enrichment of a number of compatible solutes, including sugar 
alcohols inositol (both scyllo- and myo-), glycerol and galactinol. The scale of 
change was most notable for inositol (both scyllo- and myo-), within both 
partners of Aiptasia and also in pools of the coral host. These thermally 
induced changes included a large increase in abundance of this compound, 
by about 435% and 1200% in the Aiptasia-associated symbiont and host, 
respectively. Similarly, pools of the stereoisomer myo-inositol were also 
drastically increased in the heat-stressed coral host, by up to 1350%, with no 
label detected in this pool at the final time-point; this change was therefore 
indicative of largely a host-mediated response.  
Exposure to increased temperatures, disruption to the electron transport chain 
and a decline in the exchange of osmotically active compounds will also lead 
to osmotic stress in the host (Mayfield and Gates, 2007). As such, non-
reducing compounds such as complex sugars, polyols, sugar alcohols and 
certain amino acids may function as compatible solutes under these 
conditions (Bohnert et al., 1995; Mayfield and Gates, 2007). The accumulation 
of compatible solutes observed in the intracellular pools of the heat stressed 
host (and to a lesser extent in those of the dinoflagellate symbionts) likely 
indicate exposure to osmotic stress and mechanisms to maintain both internal 
osmolality and also in the case of the host, the necessity to provide a suitable 
osmotic environment for the remaining in hospite symbionts.  
In addition to their functions as compatible solutes, the roles of inositol 
derivatives in the cnidarian-dinoflagellate symbiosis are currently receiving 
increased attention (Bertucci et al., 2013; Rosic et al., 2015), in part because 
of their highly conserved functions in cellular recognition, signalling and cell 
development (Boehning et al., 2005; Chakraborty et al., 2008). Interestingly, 
inositol phosphates and the phosphatidylinositol network are also thought to 
function in calcium signalling, carbon concentration, the activity of heat shock 
proteins, cell apoptosis and autophagy (Boehning et al., 2005; Patterson et al., 
2005; Chakraborty et al., 2008). Both autophagy and apoptosis are modes of 
cell death that are elevated during thermal stress and function in coral 
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bleaching (Dunn et al., 2004; Dunn et al., 2007). These data also support a 
previous study with Symbiodinium in culture, which reported significant 
increases in pools of several inositol types (not identified) with elevated 
temperature in multiple Symbiodinium genotypes, suggesting that the 
accumulation of these groups may be a conserved response between 
Symbiodinium genotypes (Klueter et al., 2015). Once again, the cellular roles 
of inositol derivatives and that of the wider signalling network within the 
cnidarian-dinoflagellate symbiosis warrant more in-depth study; in particular, 
the potential roles of inositol in signal transduction in the holobiont during the 
breakdown of symbiosis (e.g. thermal bleaching) requires elucidation.  
4.4.5 Alterations to the holobiont with thermal stress 
In addition to the changes to the symbiont and host discussed above, thermal 
stress is also likely to result to changes to the combined coral holobiont 
(Rosenberg et al., 2007; Bourne et al., 2008; Thurber et al., 2009). A number 
of compounds were detected in the coral host extract which may have 
originated in vivo from the microbiota found associated with coral mucus, 
tissues and skeleton (Rohwer et al., 2002). These compounds included the 
short-chain fatty acid butyrate (C4:0) and the disaccharide maltose. In the 
case of C4:0, this compound’s abundance was elevated in the coral host 
pools after both 6 d and 9 d thermal stress. C4:0 is commonly found 
associated with the metabolism of sulphur reducing bacteria (Parkes et al., 
1993; Struchtemeyer et al., 2011) and, given that these microorganisms are 
widespread in the associated coral holobiont (Raina et al., 2009; Raina et al., 
2010), these changes may be indicative of alterations their abundance and 
the composition of the combined holobiont.   
 
4.5 Conclusions  
 
Central carbon metabolism and carbon fate were traced in two cnidarian-
dinoflagellate symbioses via the application of a stable isotope (13C), in a 
dynamic labelling study, during functional conditions and those associated 
with thermal stress. Clear thermally induced changes were apparent in both 
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free metabolite pool composition and photosynthetically fixed carbon fate. 
These changes varied with symbiotic partner and with the extent of exposure 
to thermal stress and associated symbiont photodamage. Modifications were 
associated with changes to both pool size and turnover of multiple 
compounds, coupled principally to increases in cell respiration, the necessity 
for the generation of ATP from alternate sources and the maintenance of cell 
homeostasis. However, perhaps surprisingly given the degree of thermal 
stress and photodamage observed, in all instances there was continued 
fixation and translocation of labelled organic product (glucose), suggesting 
that remaining symbionts were, at least in part, metabolically functional in 
terms of some continued provision towards host metabolism. These data also 
suggest that if may be possible for a new steady state to be established, if 
following a degree of bleaching, the extent of photodamage is limited and 
symbionts remain metabolically functional.  
The outputs of this study provide valuable insight into the complex metabolic 
interactions between symbiont and host in the cnidarian-dinoflagellate 
symbiosis, both during functional symbiosis and thermal stress. Although 
some differences between host-symbiont combinations were apparent, there 
was also a high degree of commonality between symbioses, highlighting a 
number of conserved responses to thermal stress. A better understanding of 
these networks and change elicited during exposure- and acclimation to 
abiotic stress is essential if we are to more accurately evaluate the threats 
facing coral reefs and to interpret their potential for long-term acclimation and 
persistence.   
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Chapter 5 General discussion 
5.1 Summary 
 
Currently, major gaps remain in our understanding of central and secondary 
metabolic networks in the cnidarian-dinoflagellate symbiosis, yet more in-
depth knowledge of these systems is essential if we are to better understand 
how coral reefs will persist in the face of environmental change. This thesis 
furthers our knowledge of a number of aspects of metabolism in both partners 
of the symbiosis, under functional conditions and those associated with 
thermal and oxidative stress, namely: central metabolic pathways and 
alternate modes of metabolism; metabolic networks associated with cellular 
homeostasis and acclimation; the interaction of metabolism and ROS in cell 
signalling and signal transduction during bleaching; and carbon fate and 
symbiont function during thermal stress. Presented below is a summary of the 
major findings from this research (Chapters 2-4), which forms the basis of 
this thesis. After which, these data, their limitations and opportunities for 
further study are discussed in the broader context of thermal stress and 
bleaching in the cnidarian-dinoflagellate symbiosis.  
The main overarching aim of this research was to develop the application of 
metabolomics techniques, to furthering our understanding of cellular and 
metabolic changes, during thermal stress in the cnidarian-dinoflagellate 
symbiosis. To this end, the principal techniques applied included untargeted 
and targeted metabolite profiling of polar and semi-polar extracts via GC-MS, 
of the intracellular metabolite pools of each symbiotic partner (symbiont and 
host) in a both a model symbiosis (Aiptasia sp.) and a coral (Acropora aspera). 
These methods were subsequently combined with stable isotope labelling 
(13C) and pathway activity analysis.  
In Chapter 2, these techniques were developed and applied to the model 
symbiotic cnidarian Aiptasia sp., and its homologous symbiont (Symbiodinium 
ITS 2 type B1), to characterise both ambient and thermally-induced metabolite 
profiles (amino and non-amino organic acids) in both partners. Thermal stress 
(32°C for 6 d), symbiont photodamage and associated bleaching, resulted in 
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characteristic modifications to the free metabolite pools of both partners. In 
the symbiont, primarily accumulations of multiple fatty acids, coupled to a 
reduction in the activity of symbiont carbohydrate metabolism and 
downstream biosynthesis pathways (such as lipogenesis), with an increase in 
the catabolism of lipid stores. In host pools, thermally induced changes were 
associated with declines in mobile product translocation, the requirement for 
ATP generation via alternate modes (catabolism of stores) and exposure to 
oxidative stress. These data generate a number of questions which warranted 
further investigation, namely:  
1. What are the principal drivers of change to the symbiont fatty acid pool 
during thermal stress? Are modifications associated primarily with 
lipogenesis, store catabolism (such as beta-oxidation via the glyoxylate 
cycle), membrane structure, nitrogen assimilation, or derived from host 
translocation?  
2. Similarly, how do thermal stress and symbiont photodamage affect 
carbon fixation, and the production and translocation of mobile 
products?  
3. Do thermal sensitivities differ between partners?  
4. How is symbiosis dysfunction communicated within and between 
partners, and do free metabolite pools play a role?  
 
These outputs and the questions raised informed the subsequent data 
chapters (Chapter 3 and 4). In Chapter 3 metabolite profiling techniques 
(focussing this time on carbohydrate pools) were once again applied to the 
study of thermally-induced changes to the free pools of the coral A. aspera 
and its symbionts (dominant Symbiodinium ITS 2 type C3) at differing stages 
of symbiont photodamage and thermal stress (6 d and 8 d at 32°C). 
Additionally, targeted analysis was applied to quantify changes to these pools 
in terms of absolute amounts at 8 d, in both symbiont and host. Once again 
symbiont and host pools displayed highly characteristic responses to thermal 
stress, which were observed to a greater extent with more prolonged 
exposure to these conditions at 8 d. In the symbiont, large accumulations of a 
range of fatty acid groups were once again observed, coupled to reductions in 
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pools of multiple carbohydrates. In contrast, in the host, reductions in pool 
size were detected for a number of fatty acids, carbohydrates, organic acids 
and intermediates. These changes in host pools corresponded to increased 
turnover of a number of networks with thermal stress including: energy-
generating pathways, antioxidant networks, ROS-associated damage and 
damage signalling, and were potentially indicative of change to the associated 
microbial holobiont. A number of questions were generated which warrant 
further investigation:  
1. Are the symbionts that remain in hospite metabolically functional 
(fixing carbon and translocating mobile products) during thermal 
stress and bleaching? 
2. If functional, how does thermal stress affect the turnover and 
downstream products of carbon metabolism in both partners? 
3. What roles do metabolic networks play in the damage signalling 
cascade and the cellular mechanisms of bleaching? 
 
Finally in Chapter 4, metabolite profiling techniques optimized in Chapter 2 
and 3 were applied with 13C labelling in both Aiptasia sp. and Acropora aspera, 
in order to further investigate the questions raised in these preceding studies. 
Once again, clear thermally-induced changes were observed to central 
carbon metabolism, biosynthesis pathways and alternative energy-generation 
modes in symbiont and host, in both symbioses. These responses, however, 
differed according to partner and to the degree of exposure to photodamage 
and thermal stress. Interestingly however, in all cases there was continued 
fixation of carbon, production of mobile products and translocation to the host. 
This suggests that even during the later stages of bleaching and 
photodamage, the remaining in hospite symbionts are metabolically functional 
as symbionts, at least in part.  
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Taken together, these outputs generate a number of questions that warrant 
further study:   
1. What role does host-symbiont combination play in symbiont 
function during thermal stress? What roles do other abiotic 
stressors and environmental variables (e.g. light, nutrient input) 
play in symbiont function during thermal stress? 
2. How do metabolic networks contribute to damage signalling 
pathways and signal transduction within individual partners and 
the holobiont as a whole?  
3. How do these responses differ over the course of the day, or 
year?  
 
Overall, these data generate a number of important findings with regard to the 
metabolic and cellular function of the cnidarian-dinoflagellate symbiosis and 
that of each respective partner during thermal stress and bleaching 
(summarised in Figure 5.1). Namely, these are:  
 Metabolic costs associated with photodamage and acclimation to 
elevated temperatures, in terms of modifications to central metabolism, 
biosynthesis and catabolism of energy stores; 
 Potential sites of thermal and oxidative stress in each partner; 
 Functions of primary metabolites and metabolic networks in cellular 
homeostatic and acclimatory responses to thermal and oxidative 
stress; 
 Modifications to carbon fixation, mobile product translocation and 
carbon fate (symbiont functionality) during thermal stress and 
bleaching; and 
 The interplay of free metabolite pools, ROS-associated cellular 
damage, damage signalling and signal transduction in the coral 
holobiont during bleaching.  
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Fig. 5.1: Summary schematic of central carbon metabolism and 
metabolic interactions in the cnidarian-dinoflagellate symbiosis, during 
functional conditions (A), and during thermal stress and bleaching (B). 
See over for full legend.  
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Fig. 5.1 (Previous page): A1. Carbon is fixed via the Calvin cycle, producing 
glucose as the primary end-product; this is then translocated to the host as a 
major mobile product. A2. Excess energy is used in biosynthesis pathways 
and the production of a number of major storage products in the dinoflagellate, 
primarily starch and lipids. A3. The major mode of energy generation in 
symbiont and host under these photosynthetic conditions is via glycolysis and 
the TCA cycle, A4. Succinate and NADH generated during the TCA cycle are 
finally oxidised during oxidative phosphorylation, via the electron transport 
chain, in turn producing additional cellular energy (ATP). A5. In the host, 
central metabolism is supplemented by the energy gained from heterotrophic 
feeding. B1. Damage to the machinery of photosynthesis, PS II, the Calvin 
cycle and the thylakoid membranes of the chloroplast is on-going, resulting in 
increased production of ROS at these sites. Carbon continues to be fixed via 
the Calvin cycle, producing glucose as the primary end-product. This is then 
translocated to the host as a major mobile product, however symbiont 
densities are drastically reduced, and therefore total net translocation is 
reduced relative to (A). B2. Thermal stress leads to increased respiratory 
rates, and in order to meet increased energy requirements storage bodies, 
lipid and starch are broken down to produce cellular energy. B3. Lipid stores 
are broken down via beta-oxidation in the glyoxylate cycle, the products of 
which in turn feed into gluconeogenesis, the TCA cycle and oxidative 
phosphorylation in order to generate cellular energy. However, these 
processes also result in the generation of further ROS at multiple sites. B4. 
Host heterotrophy and the catabolism of stores (lipid, glycogen and protein) 
are also increased in order to meet increased energy requirements associated 
with the maintenance of cell homeostasis. This in turn leads to the production 
of further cellular ROS at multiple sites. B5. ROS eventually overwhelm 
symbiont and host antioxidant responses, leading to cellular damage and 
initiating a signalling cascade, which results eventually in the breakdown and 
loss of further symbiont cells and more advanced stages of bleaching.  
 
5.2 Value and limitations of metabolomics to the study of the 
cnidarian-dinoflagellate symbiosis, and its potential application to 
future studies 
 
Clearly, a major strength of metabolomics-based techniques is the capacity to 
simultaneously detect and quantify fine-scale and ecologically-relevant 
changes, with little a priori knowledge of the system under investigation (Fiehn, 
2002; Lankadurai et al., 2013). Additionally, as many of the compounds 
detected via GC-MS-based techniques are primary metabolites, owing often 
to their highly-conserved central roles in metabolism, unknown compounds 
are readily detected and identifiable (Wahid et al., 2007; Guy et al., 2008).  
Similarly, the large resulting data sets are also useful for generating multiple 
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hypotheses regarding the mechanisms responsible for any uncovered 
differences between samples, or treatment groups, based often on these 
central and conserved roles (Lankadurai et al., 2013).  
However, without in-depth knowledge of the basis of these changes in the 
system under study, i.e. central metabolism and secondary metabolism, these 
hypotheses will remain unresolved. This is a major issue for the cnidarian-
dinoflagellate symbiosis, as to date major gaps still exist in our understanding, 
even of the central metabolism of this complex and dynamic symbiosis 
(Edmunds and Gates, 2003; Davy et al., 2012). In order to further our 
understanding in this respect, focussed studies with clear research objectives 
are required to uncover key aspects of the symbiosis, which are as yet 
unanswered (Edmunds and Gates, 2003). Once these fundamentals of 
metabolism have been further elucidated, more complex, multi-platform 
studies that couple the ‘omics fields (genomics, transcriptomics, proteomics 
and metabolomics) and methods such as fluxomics (see below), will serve to 
uncover more complex alterations in the holobiont, such as responses to 
abiotic stress. However, without the basics to inform these complex studies, 
they will serve only to generate yet more unanswered hypotheses.  
These targeted studies may include metabolomics- and non-metabolomics-
based techniques such as:  
1) Quantitative studies under defined conditions to elucidate metabolic 
networks in the holobiont, rates of change and the enzymes involved 
(stoichiometry). These data will inform methods such as the 
quantitative analysis of pathway turnover (fluxomics) and enable the 
effects of a given variable, to be better established (see for instance 
Yang et al., 2002; Duckwall et al., 2013; Heise et al., 2014);  
2) Development and application of standard methods and reporting to 
enable better comparisons between studies, as outlined by the 
Metabolomics Standards Initiative presented in Sansone (2007);  
3) Identification of small molecules (primary and secondary metabolites) 
specific to the symbiosis, coupled to open-source metabolomics 
libraries to facilitate putative identifications of unknown compounds by 
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collaborating groups (Schauer et al., 2005; Sansone, 2007; Sogin et al., 
2014); 
4) More in depth understanding of the metabolic changes associated with 
daily and annual cycles (Brown et al., 1999; Jones and Hoegh‐
Guldberg, 2001); and 
5) Characterisation of signalling systems and networks in individuals and 
the holobiont as a whole (Müller, 2004; Burman and Ktistakis, 2010; 
Grüning et al., 2010).  
 
These gaps in current knowledge in turn highlight some of the limitations of 
the current study and the challenges of applying metabolomics to this 
complex symbiotic system. These are summarised below:  
1) Data snapshots with limited sample replication: In all cases the data 
presented in this thesis are snapshots at a single point in time. 
Samples were consistently taken at a given time (i.e. mid-light cycle) to 
ensure consistency and to enable comparison between groups. 
However, as the metabolome is highly variable over time, a snapshot 
of a single time-point has limitations in terms of the conclusions that 
can be drawn from the data set (Villas-Bôas et al., 2006; Kim and 
Verpoorte, 2010). Similarly, carbon fixation and associated 
translocation of photosynthate will also alter with time (Muscatine et al., 
1984). In addition to sampling over the course of a day and at different 
times of year (Brown et al., 1999; Fitt et al., 2000; Jones and Hoegh‐
Guldberg, 2001; Warner et al., 2002), more sampling points over the 
course of the study would have provided much greater insight into the 
changes under examination. Further to this, owing to the natural 
variability of the metabolome, (Villas-Bôas et al., 2006; Tredwell et al., 
2011), higher sampling replication at each time-point would also enable 
more fine-scale changes to be confidently detected.  
2) Data based on single coral-symbiont and anemone-symbiont 
combinations: A huge amount of variation also exists in the cnidarian-
dinoflagellate symbiosis, in terms of both the physiology and the 
responses of each partner to thermal stress (Baker, 2003; Tchernov et 
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al., 2004; Oakley et al., 2014; Wooldridge, 2014). As such, it is 
expected that the associated metabolic responses of these 
partnerships would differ greatly to those applied in the current study 
(Loram et al., 2007; Papina et al., 2007; Klueter et al., 2015). Some 
differences were apparent in the responses of the symbioses applied 
(e.g. symbiont C12:0 and C14:0 levels), however most of the patterns 
observed were common between the two symbiotic partnerships. 
Nevertheless, caution should still be exercised when generalising 
across different symbioses.  
3) Many abundant compounds in both partners were not identifiable with 
the libraries and standards available: Similarly, in many cases where 
compounds were identified, few data were available to elucidate their 
roles in symbiosis metabolism.  
4) The data presented in each chapter are also based on the application 
of a single extraction and derivatization method, which targets a 
specific suite of compounds. As a result, any compounds not targeted 
by these methods would not be extracted or analysed (Roessner et al., 
2006; Villas-Bôas et al., 2006). A major aspect, therefore, which was 
excluded by the methods applied, was the lipid fraction. Lipids are 
known to serve a major role in the functional symbiosis (Patton et al., 
1977; Kellogg and Patton, 1983; Dunn et al., 2012) and during thermal 
stress (Grottoli et al., 2004; Tchernov et al., 2004; Tolosa et al., 2011; 
Imbs and Yakovleva, 2012). 
5) In order for symbiont and host pools to be analysed separately, owing 
to the structure of the symbiosis, the dinoflagellate had first to be 
isolated and both fractions purified. This separation process was 
optimized taking into account a number of factors:  
(i) Metabolism was fully quenched in both partners (immersion in liquid 
nitrogen); 
(ii) Processing was undertaken rapidly at the lowest temperatures 
possible (4°C) to reduce any exposure to post-sampling change; 
(iii) Samples were fully homogenised, fractions purified (symbiont in 
host fraction and vice versa) and cells lysed;  
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(iv) Samples were not contaminated by compounds that would result in 
reduced final data quality (such as matrix effects associated with 
the precipitation of salts from buffers, antifreezes or those 
associated with detergents); and 
(v) Biomass was sufficient to enable detection of compounds present in 
low abundance, particularly when associated with much reduced 
symbiont biomass during bleaching.  
 
However, some degree of change from the respective profiles of symbiont 
and host in vivo is still possible, owing to the necessity of working at 4°C 
rather than below -20°C and working with MilliQ water to separate each 
fraction, rather than with osmotically-compatible buffers (see Villas-Bôas et al., 
2006 for a review of sample preparation for metabolomics studies).  
 
5.3 Current advances in the metabolomics of the cnidarian-
dinoflagellate symbiosis and future challenges 
 
Notwithstanding the limitations of this research, the outputs of this study offer 
valuable insight into the broader issues of cellular and metabolic change 
during thermal stress and bleaching in the cnidarian-dinoflagellate symbiosis. 
Each of the major aspects are discussed in more detail below.  
5.3.1 How do thermal stress and bleaching affect central metabolism in the 
symbiosis and what is its capacity for acclimation to change? 
As nutrient exchange in the cnidarian-dinoflagellate symbiosis underpins its 
success, it is perhaps surprising how little we still know of central metabolism 
in the partnership, even under functional conditions (Edmunds and Gates, 
2003; Davy et al., 2012). Only by understanding function, can we begin to 
unpick the complex changes that occur during dysfunction (Edmunds and 
Gates, 2003). Studies to date have largely centred on certain aspects of 
metabolism, such as lipogenesis (Patton et al., 1977; Kellogg and Patton, 
1983; Grottoli et al., 2004; Dunn et al., 2012), nitrogen assimilation (Cook et 
al., 1988; Wang and Douglas, 1998; Grover et al., 2002; Pernice et al., 2012; 
Rädecker et al., 2015), carbon fixation (Yellowlees et al., 1993; Allemand et 
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al., 1998; Leggat et al., 1999; Kopp et al., 2015), or mobile product 
translocation (Muscatine and Cernichiari, 1969; Trench, 1971; Whitehead and 
Douglas, 2003; Burriesci et al., 2012), and/or how these central aspects are 
affected by a certain stressor (Papina et al., 2007; Buxton et al., 2009; Díaz-
Almeyda et al., 2011; Imbs and Yakovleva, 2012; Béraud et al., 2013; Oakley 
et al., 2014). More holistic studies of central metabolism within the symbiosis 
were therefore lacking, with only one other study applying metabolic profiling 
techniques to the in hospite symbiosis (Burriesci et al., 2012). The outputs of 
this thesis therefore further our understanding of the interaction of central 
metabolic networks within the symbiosis under functional conditions, and 
identify a number of changes to these networks associated with thermal 
stress.  
This thesis supports and builds upon the outputs of Burriesci et al. (2012), 
finding glucose and downstream glycolysis to be central to the functional 
symbiosis. However, it is also clear that there is high functional redundancy in 
the metabolism of both partners, which during sub-optimal conditions were 
able to supplement this primary energy source with alternate modes of ATP 
production (Figure 5.1). A key alternate mode observed in the current study 
was a shift from biosynthesis to the breakdown of stores, primarily the beta-
oxidation of lipids during the glyoxylate cycle. This is not surprising given the 
importance of lipids in the function of this symbiosis (Patton et al., 1977; 
Kellogg and Patton, 1983; Dunn et al., 2012) and given that this response has 
been reported as operating during thermal stress and bleaching (Grottoli et al., 
2004; Grottoli and Rodrigues, 2011; Imbs and Yakovleva, 2012). The activity 
of the glyoxylate cycle and alterations to fatty acid pools were apparent in 
both partners, however interestingly thermally-induced changes to fatty acid 
metabolism (and most likely also to lipogenesis) were most apparent in the 
dinoflagellate symbiont.  
Large accumulations of both lipids and fatty acids have also been detected in 
the dinoflagellate during nitrogen stress, and may therefore also indicate a 
decline in nitrogen assimilation (Dagenais Bellefeuille et al., 2014; Jiang et al., 
2014; Wang et al., 2015) during thermal stress and photoinhibition. Similarly, 
lipids also accumulate in the dinoflagellate during cell senescence, as a result 
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of reduced rates of cell division (Miller and Yellowlees, 1989; Smith and 
Muscatine, 1999). As such, stress-induced changes to lipogenesis and the 
fatty acid pool therefore serve as a conserved stress response in the 
dinoflagellate during sub-optimal conditions.  
Interestingly, even during the advanced stages of bleaching, it was evident 
that mobile product translocation to the host was maintained by the remaining 
in hospite symbionts (Figure 5.1). This output was surprising as it does not fit 
with the model of reduced carbon fixation and translocation during 
photoinhibition (Jones et al., 1998; Smith et al., 2005). This suggests that in 
the current study that symbionts were either not significantly photodamaged, 
or that both production and supply were somehow maintained under 
conditions of energy limitation. Further targeted studies via a range of ‘omics’ 
techniques would be useful to determine the mechanisms at play here. If 
indeed the in hospite symbionts are photodamaged, yet continued in their de 
novo production and translocation of glucose, this translocation maybe 
somehow manipulated and maintained via some form of host control. One 
potential mechanism is via proteins associated with the symbiosome 
membrane, such as the proton pump, the V-type H+-ATPase (Barott et al., 
2015). Alternatively, ongoing translocation during symbiont photoinhibition 
may also operate simply as a sink for excess electrons and hence removal of 
excess carbon.  
Similarly, it would be interesting to determine at what point (if any) this 
translocation breaks down and to quantify the compounds and absolute 
amounts of translocate exchanged. This would be simply resolved with further 
metabolomics-based studies coupled with the application of stable isotope 
tracers. If indeed in hospite symbionts continue to fix carbon, but are unable 
to reproduce due to nitrogen limitation, this limitation will have implications for 
post-bleaching recovery of symbiont densities, necessitating either an 
increase in supply of these limiting resources from host to symbiont, or re-
colonisation of symbiont populations from the environment. Host heterotrophy 
may serve in a number of coral species as an important additional supply of 
nitrogen, aiding in symbiont re-population following bleaching (Grottoli et al., 
2004; Grottoli et al., 2006; Hughes and Grottoli, 2013), particularly in 
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vertically-transmitting species, where symbiont uptake from the environment 
is uncommon (Grottoli et al., 2014).  
5.3.2 What roles do free metabolite pools play in cellular homeostasis and 
acclimation to thermal stress? 
Similarly, the direct roles of free metabolite pools in the maintenance of 
cellular homeostasis have received little interest in the cnidarian-dinoflagellate 
symbiosis to date. However, certain aspects of metabolism, which are 
associated with the maintenance of cell structure and function have been of 
more focus, primarily membrane composition (Tchernov et al., 2004; Papina 
et al., 2007; Díaz-Almeyda et al., 2011), enzymatic and non-enzymatic 
antioxidants (Hawkridge et al., 2000; Császár et al., 2009; Krueger et al., 
2014; Roberty et al., 2015), photoprotective pigments including MAAs (Shick 
and Dunlap, 2002; Banaszak et al., 2006; Rosic and Dove, 2011), fluorescent 
proteins (Salih et al., 2000; Roth et al., 2010), photopigments (Ambarsari et al., 
1997; Dove, 2004; Venn et al., 2006; Strychar and Sammarco, 2011; Krämer 
et al., 2013) and compatible solutes (Mayfield and Gates, 2007).  
With the methods applied here, it was possible to simultaneously detect 
changes to the turnover of these secondary acclimatory responses, providing 
further insight into the interplay and relative importance of each mechanism in 
a given partner, at a certain level of thermal stress. It was apparent that, 
relative to the symbiont, stress was manifest in the host with increased 
turnover of antioxidant precursors (glutamate and pyroglutamate) and the 
accumulation of low molecular weight non-enzymatic antioxidants (most 
notably relating to the AsC and GSH cycle), the production of MAAs and the 
accumulation of compatible solutes. Increasing evidence from both cellular 
and molecular studies suggests that the cnidarian may in some instances be 
the first site of thermal and oxidative stress in the symbiosis (Leggat et al., 
2011; Wooldridge, 2014; Krueger et al., 2015). This may have implications for 
how we perceive the mechanisms responsible for coral bleaching, which is 
typically based on the symbiont as the first site of ROS damage and oxidative 
stress (Lesser, 1996; Weis, 2008).  
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Further to this, if indeed in many instance the host is the most sensitive 
partner, improving resilience via uptake of more thermally resistant symbiont 
types via mechanisms such as switching and shuffling (Baker, 2003) are 
unlikely to be of much benefit, particularly if under typical conditions these 
novel types are sub-optimal in terms of mobile product translocation (Loram et 
al., 2007; Jones and Berkelmans, 2011; Stat and Gates, 2011). Indeed it has 
been shown that cnidarian hosts are capable of acclimation without any 
change in symbiont type (Bellantuono et al., 2012a; Bellantuono et al., 2012b). 
However, further studies from a range of host-symbiont combinations would 
provide more insight into these differing sensitivities and responses to thermal 
and oxidative stress. Moreover, studies in a range of ‘omics’ fields that subject 
these symbioses to prolonged periods of thermal stress will be useful for 
elucidating further capacity for long-term acclimation in both partners and 
identifying the key mechanisms employed (see for instance van Oppen et al., 
2015).  
5.3.3 How do metabolic networks function in cell signalling, cell death and 
bleaching mechanisms? 
To date, major gaps remain in our understanding of cellular communication in 
the holobiont, however increasing evidence suggests that, in the cnidarian at 
least, highly conserved systems operate in signalling networks associated 
with thermal stress and ROS (Lesser, 2006; Weis, 2008), inositol and inositol 
derivatives (Müller, 2004; Lehnert et al., 2014; Rosic et al., 2015), oxylipins 
(Lõhelaid et al., 2015), steroid derivatives and hormones (Tarrant, 2005; 
Tarrant et al., 2009), and that symbiosis increases the expression of a number 
of these networks (Yuyama et al., 2011; Lehnert et al., 2014). It was apparent 
in the present study that thermal stress also resulted in increased activity of a 
number of these metabolic networks in the symbiosis. As such, it is likely that 
metabolic signals in combination with ROS, play a role in the crosstalk 
between networks, signal transduction, acclimation, and/or cell death and 
bleaching (Figure 5.1). Similar networks and their crosstalk in signal 
transduction and cellular acclimation have been more widely investigated in 
terrestrial plants, via the application of a combination of ‘omics’ fields (for 
detailed reviews see Gibson, 2004; Field, 2009; Smeekens et al., 2010). 
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Interestingly, given the importance of understanding how the symbiosis as a 
whole detects, communicates and responds to abiotic stress, the interaction 
of these signalling systems (with the exception of ROS) has received little 
research focus to date in the cnidarian-dinoflagellate symbiosis. This thesis 
therefore serves to highlight the potential significance of these systems, which 
warrant detailed study.  
 
5.4 A future for coral reefs – what has metabolomics taught us?  
 
Mean water temperatures on the central Great Barrier Reef (GBR) are 
currently about 27°C, with summer maxima of about 30°C (Hoegh-Guldberg, 
1999). Under current emissions scenarios, which aim to limit temperature 
rises to below 2°C (Frieler et al., 2013; Kwiatkowski et al., 2015), summer 
maxima on the central GBR would reach 32°C by the end of this century. In 
this thesis, it has been shown that exposure of both a model symbiosis and a 
common acroporid-dinoflagellate symbiosis to this water temperature, even 
for relatively short periods of time and with little cumulative stress, results in 
thermal and oxidative stress, and breakdown and loss of dinoflagellate 
symbionts during bleaching. More specifically it is apparent that thermal and 
oxidative stress necessitate energetically costly responses to maintain cellular 
homeostasis in both symbiotic partners. These responses included a range of 
compounds with described roles as antioxidants, compatible solutes and cell 
signals, in addition to the de novo synthesis of secondary protective 
compounds central to cellular acclimation, such as carotenoids and MAAs.  
However, it was also apparent in the current study that oxidative stress was 
more manifest in the host, relative to remaining in hospite symbionts. This 
disparity suggests that in this instance ROS and oxidative stress were not 
generated in the symbiont, but rather as a result of enhanced host respiratory 
needs. A likely source under these conditions is the breakdown of lipid stores, 
via beta oxidation (Grottoli et al., 2004; Grottoli and Rodrigues, 2011). This 
process generates ROS (specifically hydrogen peroxide) at cell microbodies 
such as the peroxisomes and glyoxysomes (Lesser, 2006). The enzymic 
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response to detoxify hydrogen peroxide is catalase, levels of which have been 
shown to be elevated in host tissue under bleaching conditions, independent 
of such responses in the symbiont, or of host superoxide dismutase (Krueger 
et al., 2014). Further to this, branching species such as the acroporids, which 
have high metabolic rates, would most likely be more at risk from the excess 
generation of ROS via this source, fitting with well-known bleaching sensitives 
between differing host species and growth forms (Wooldridge, 2014).  
Short-term acclimation in the host without any change in symbiont type has 
been shown (Bellantuono et al., 2012a; Bellantuono et al., 2012b). This was 
apparent to a certain degree in Aiptasia sp. in Chapter 4, with the 
establishment of a new steady state in the symbiont population following 
bleaching. Indeed phenotypic variability associated with differing exposure to 
environmental conditions at a given site, or even within a single colony is 
widely documented (reviewed in Brown, 1997a). If, however, phenotypic 
plasticity and cellular acclimation do not enable cnidarian species and their 
symbionts to keep pace with the current rate of change (Bellantuono et al., 
2012b; Frieler et al., 2013; Grottoli et al., 2014), this will lead to large-scale 
losses of thermally-sensitive species. For instance, as a genus, the acroporids 
are considered sensitive to thermal stress (Baird et al., 2009a; Wooldridge, 
2014); however they are also a major component of reef systems globally, in 
terms of species diversity, cover and habitat complexity (Goreau, 1959; Veron, 
2000). The loss of these major ecosystem engineers would have disastrous 
implications for coral reef ecosystems as we know them, in terms of their 
structure and function (Hughes, 1994; Pandolfi et al., 2011). Clearly therefore, 
we must take direct action to further limit projected temperature increases, if 
we are to ensure that functional coral reefs are preserved (Frieler et al., 2013; 
Kwiatkowski et al., 2015).  
If in many instances the host is indeed the site of symbiosis breakdown, this 
offers a degree of hope for minimising cumulative stress and downstream 
impacts to the symbiosis as a whole, with any activity that minimises symbiont 
photoinhibition and the production of additional ROS (Takahashi and Murata, 
2008) likely aiding the preservation of symbiont metabolic function in hospite. 
Similarly, past efforts for increasing holobiont fitness typically focussed on 
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enhancing symbiont resistance to thermal and oxidative stress (Baker, 2001; 
Berkelmans and van Oppen, 2006; Jones et al., 2008), though clearly this 
would offer little benefit if the host is more typically the site of symbiosis 
breakdown. Further to this, assisted evolution is one drastic option that may 
be applied to enhance natural coral resistance to abiotic stress (van Oppen et 
al., 2015). However, in order for direct intervention to be a success, these 
programs must be based on sound understanding of the cellular changes (at 
a range of ‘omics’ levels) that are desired. In the first instance, this study 
serves to highlight the central metabolic mechanisms and sites associated 
with this thermal stress and acclimation in the cnidarian-dinoflagellate 
symbiosis, and furthers our understanding of the metabolic pathways involved 
in enhanced thermal resistance and cellular acclimation. In this regard, there 
is a clear need for future work to elucidate a number of central aspects further, 
namely; quantitative in hospite metabolomics data to determine the absolute 
metabolic costs of thermal stress in a range of host-symbiont combinations; 
proteomics data to characterise translocation mechanisms and their control, in 
addition to the modes- and receptors of cell signalling and signal transduction; 
coupled to genomics and transcriptomics studies to determine capacity for- 
and mechanisms of long-term acclimation.  
 
5.5 Concluding comments 
 
This thesis serves as an important first step in developing metabolomics as a 
tool for elucidating the complex and highly dynamic changes in the coral 
symbiosis during thermal stress. The power of these techniques lies in the 
capacity to simultaneously assess rapid and often post-translational change in 
a highly repeatable and quantitative manner with little a priori knowledge of 
the system under study.  
With the application of metabolite profiling techniques coupled to stable 
isotope tracers, this study has shown, for the first time, the interaction of a 
number of complex changes within the metabolic networks of individual 
partners of multiple cnidarian-dinoflagellate symbioses during thermal stress. 
 164 
These changes varied according to partner, highlighting the importance of the 
methods employed here to analyse each fraction individually. Thermally-
induced modifications were associated with alterations to: central metabolism, 
biosynthesis, catabolism, cell signalling, the maintenance of cellular 
homeostasis and longer-term acclimation mechanisms. This study therefore 
highlights the interaction and relative importance of central pathways and 
complex secondary mechanisms invoked during cellular acclimation to 
thermal, oxidative stress and symbiosis dysfunction during coral bleaching.  
The outputs from this research therefore further our understanding of the 
capacity of the cnidarian-dinoflagellate symbiosis for long-term acclimation to 
thermal stress under future climate scenarios. Further research to elucidate 
these changes in a range of ‘omics’ fields is necessary if we are to have a 
better understanding of the threats facing coral reefs and their true capacity 
for not only survival, but for the long-term global recovery and persistence of 
these incredibly complex and important systems.  
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Appendices  
Table S2.1 Polar and semi-polar compounds identified from symbiont 
and host free metabolite pools of Aiptasia sp. under ambient conditions 
and thermal stress, with reference ion and retention time  
Compound  Reference ion Retention time/ min 
Amino acids and peptides 
  Alanine 102 10.975 
Asparagine 127 16.639 
beta-Alanine 88 12.652 
Creatinine 202 16.661 
Cysteine 192 19.873 
Glutamic acid 174 17.995 
Glutathione 142 19.566 
Glycine 88 11.386 
Isoleucine 115 13.98 
Leucine 144 14.044 
Methionine 147 18.087 
Norvaline 130 13.336 
Phenylalanine 162 19.8 
Proline 128 14.89 
Serine 100 17.256 
Threonine 115 15.554 
Tyrosine 236 28.558 
Valine 130 12.69 
Organic acids and amides 
  Aspartic acid 160 16.215 
cis-Aconitic acid 153 15.392 
Citraconic acid 127 10.131 
Citric acid 143 16.229 
Fumaric acid 113 9.104 
Itaconic acid 127 10.069 
Lactic acid 103 9.103 
Nicotinamide 57 6.026 
Malonic acid 101 7.362 
Quinic acid 191 16.315 
Succinic acid 115 8.955 
Monounsaturated fatty acids 
  cis-Vaccenic acid (C18_1n-7c) 55 23.821 
Oleic acid (C18_1n-9c) 55 23.798 
Palmitoleic acid (C16_1n-7c) 55 20.744 
Polyunsaturated fatty acids 
  11,14,17-Eicosatrienoic acid (C20_3n-3,6,9c) 79 26.878 
11,14-Eicosadienoic (C20_2n-6,9c) 67 26.597 
13,16-Docosadienoic acid (C22_2n-6,9c) 67 29.68 
Adrenic acid (C22_4n-6,9,12,15c) 79 29.362 
alpha-Linolenic acid (C18_3n-3,6,9c) 79 23.723 
Arachidonic acid (C20_4n-6,9,12,15c) 79 26.206 
bishomo-gamma-Linolenic acid (C20_3n-6,9,12c) 79 26.429 
DHA (C22_6n-3,6,9,12,15,18c) 79 29.436 
DPA (C22_5n-3,6,9,12,15c) 79 29.597 
EPA (C20_5n-3,6,9,12,15c) 79 26.496 
gamma-Linolenic acid (C18_3n-6,9,12c) 79 24.018 
Linoleic acid (C18_2n-6,9c) 67 23.848 
Saturated fatty acids 
  Arachidic acid (C20_0) 74 26.807 
Dodecanoic acid (C12_0) 74 14.935 
Myristic acid (C14_0) 74 17.458 
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Compound  Reference ion Retention time/ min 
Palmitic acid (C16_0) 74 21.093 
Stearic acid (C18_0) 74 24.004 
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Table S2.2. Symbiont (A) and host (H) quantitative MCF data summary at 6 d for control (C) and heat-treatment samples 
(HS). Individual compound concentration (ρg µg-1 dry weight). Mean ± S.E.M, n = 3 (comprising 6 individuals per sample) 
 Concentration (ρg µg-1 dry weight) 
Compound  A6C A6HS H6C H6HS 
11,14,17-Eicosatrienoic acid (C20_3n-3,6,9c) 207.322 ± 38.12 397.274 ± 46.92 196.311 ± 41.76 290.064 ± 130.74 
11,14-Eicosadienoic (C20_2n-6,9c) 193.073 ± 49.39 379.374 ± 75.81 215.255 ± 34.17 242.235 ± 70.25 
13,16-Docosadienoic acid (C22_2n-6,9c) 291.097 ± 62.12 586.304 ± 133.86 302.949 ± 48.09 341.664 ± 99.62 
Adipic acid 0.537 ± 0.08 7.061 ± 6.03 5.871 ± 0.92 12.645 ± 3.07 
Adrenic acid (C22_4n-6,9,12,15c) 173.313 ± 45.63 357.673 ± 26.99 372.559 ± 29.51 272.682 ± 151.46 
Alanine 3.799 ± 1.03 6.845 ± 1.53 108.256 ± 24.39 311.390 ± 71.17 
alpha-Linolenic acid (C18_3n-3,6,9c) 72.055 ± 18.40 150.300 ± 9.02 160.003 ± 12.19 113.765 ± 61.30 
Arachidic acid (C20_0) 13.742 ± 4.42 24.537 ± 6.44 15.030 ± 2.02 21.12 7 ± 8.61 
Arachidonic acid (C20_4n-6,9,12,15c) 90.653 ± 24.00 191.262 ± 21.46 230.993 ± 23.73 175.390 ± 103.59 
Aspartic acid 0.127 ± 0.03 0.446 ± 0.09 133.977 ± 17.04 263.280 ± 54.30 
beta-Alanine 0.311 ± 0.03 0.925 ± 0.22 371.597 ± 71.01 341.407 ± 20.21 
bishomo-gamma-Linolenic acid (C20_3n-
6,9,12c) 
61.583 ± 15.77 107.895 ± 28.74 85.807 ± 20.72 66.769 ± 49.29 
cis-Aconitic acid 0.925 ± 0.17 3.036 ± 1.13 362.531 ± 121.05 381.470 ± 52.52 
Citric acid 4.974 ± 0.98 13.283 ± 2.32 2620.966 ± 338.74 2264.430 ± 254.17 
Creatinine 0.399 ± 0.05 0.644 ± 0.15 16.265 ± 6.15 19.955 ± 6.86 
Cysteine 0.220 ± 0.04 0.904 ± 0.28 136.212 ± 18.44 196.637 ± 67.36 
DHA (C22_6n-3,6,9,12,15,18c) 144.072 ± 38.14 297.947 ± 38.79 356.277 ± 35.05 277.710 ± 165.08 
Dodecanoic acid (C12_0) 12.258 ± 3.76 7.975 ± 1.84 7.838 ± 0.50 17.363 ± 3.43 
DPA (C22_5n-3,6,9,12,15c) 162.190 ± 42.95 342.193 ± 38.40 413.275 ± 42.46 313.795 ± 185.34 
EPA (C20_5n-3,6,9,12,15c) 85.097 ± 22.89 179.002 ± 19.54 217.762 ± 22.37 165.344 ± 97.66 
Fumaric acid 0.365 ± 0.03 1.035 ± 0.24 1.723 ± 0.30 5.246 ± 0.78 
gamma-Linolenic acid (C18_3n-6,9,12c) 134.211 ± 24.68 257.177 ± 30.38 127.083 ± 27.04 187.774 ± 84.64 
Glutamic acid 0.382 ± 0.02 1.277 ± 0.37 1727.299 ± 403.88 3800.340 ± 796.19 
Glutathione 1.579 ± 0.30 5.170 ± 1.82 815.381 ± 184.87 1968.489 ± 428.28 
Glycine 0.673 ± 0.10 2.003 ± 0.26 226.544 ± 19.47 294.700 ± 55.29 
Isoleucine 1.277 ± 0.14 3.281 ± 0.51 30.754 ± 3.92 35.860 ± 8.24 
Itaconic acid 3.168 ± 0.79 8.112 ± 1.36 248.923 ± 58.42 266.668 ± 35.54 
Lactic acid 78.988 ± 13.57 198.179 ± 24.66 223.116 ± 29.89 597.862 ±  161.96 
Leucine 0.100 ± 0.02 0.263 ± 0.08 50.848 ± 9.31 63.713 ± 15.711 
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 Concentration (ρg µg-1 dry weight) 
Compound  A6C A6HS H6C H6HS 
Linoleic acid (C18_2n-6,9c) 105.548 ± 27.01 207.393 ± 41.44 117.674 ± 18.68 132.423 ± 38.41 
Methionine 0.284 ± 0.04 0.871 ±  0.20 33.922 ± 4.40 55.388 ±  9.74 
Myristic acid (C14_0) 202.190 ± 69.77 100.206 ± 26.52 50.633 ± 8.71 52.564 ± 11.54 
Nicotinamide 3.132 ± 0.56 9.581 ± 2.10 7.403 ± 0.75 15.320 ± 3.06 
Norvaline 0.062 ± 0.01 0.145 ± 0.02 117.869 ± 14.05 156.369 ± 17.11 
Oleic acid (C18_1n-9c) 559.457 ± 150.71 1069.883 ± 266.52 647.429 ± 112.99 766.758 ± 230.85 
Palmitic acid (C16_0) 672.062 ± 180.22 1185.424 ± 165.77 1033.564 ± 127.11 1265.585 ± 281.44 
Palmitoleic acid (C16_1n-7c) 47.715 ± 17.03 109.967 ± 20.85 79.278 ± 17.15 106.159 ± 32.82 
Phenylalanine 0.526 ± 0.12 0.449 ± 0.05 108.746 ± 13.81 123.563 ± 24.41 
Proline 0.186 ± 0.09 0.160 ± 0.03 198.188 ± 36.21 135.627 ± 21.31 
Serine 0.796 ± 0.04 2.229 ± 0.70 63.522 ± 16.57 103.430 ± 22.74 
Stearic acid (C18_0) 325.926 ± 92.26 637.585 ± 112.57 375.651 ± 28.45 558.445 ± 142.17 
Succinic acid 19.544 ± 4.21 50.798 ± 8.54 134.309 ± 14.93 189.181 ± 36.02 
Threonine 1.480 ± 0.20 4.062 ± 0.76 34.993 ± 11.84 47.498 ± 12.87 
Tyrosine 0.066 ± 0.01 0.978 ± 0.76 7.085 ± 6.04 6.374 ± 5.78 
Valine 0.056 ± 0.01 0.129 ± 0.02 105.043 ± 12.52 139.354 ± 15.24 
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Table S2.3  Symbiont heat-responsive compounds at day 6 from 
quantitative MCF data (fold change and t-test, metabolite x treatment, P 
< 0.05)  
Compound  Fold change log2(FC) P value 
Amino acids and peptides    
Aspartic acid 3.516 1.814 0.017 
beta-Alanine 2.975 1.573 0.014 
Cysteine 4.102 2.036 0.032 
Glutamic acid 3.340 1.740 0.037 
Glutathione 3.274 1.711 0.061 
Glycine 2.977 1.574 0.006 
Isoleucine 2.570 1.362 0.010 
Methionine 3.061 1.614 0.026 
Norvaline 2.325 1.217 0.024 
Threonine 2.745 1.457 0.019 
Valine 2.325 1.217 0.024 
Organic acids and amides    
Citric acid 2.671 1.417 0.027 
Fumaric acid 2.839 1.505 0.017 
Itaconic acid 2.561 1.357 0.045 
Lactic acid 2.509 1.327 0.010 
Nicotinamide 3.059 1.613 0.028 
Succinic acid 2.599 1.378 0.034 
Fatty acids    
Adrenic acid (C22_4n-6,9,12,15c) 2.064 1.045 0.044 
alpha-Linolenic acid (C18_3n-3,6,9c) 2.086 1.061 0.036 
Arachidonic acid (C20_4n-6,9,12,15c) 2.110 1.077 0.049 
DHA (C22_6n-3,6,9,12,15,18c) 2.068 1.048 0.058 
DPA (C22_5n-3,6,9,12,15c) 2.110 1.077 0.049 
EPA (C20_5n-3,6,9,12,15c) 2.104 1.073 0.050 
Palmitoleic acid (C16_1n-7c) 2.305 1.205 0.087 
 
Table S2.4. Host heat-responsive compounds at day 6 from quantitative 
MCF data (fold change and t-test, metabolite x treatment, P < 0.05)  
Compound Fold change log2(FC) P value 
Amino acids and peptides    
Alanine 2.876 1.524 0.035 
Glutamic acid 2.200 1.138 0.078 
Glutathione 2.414 1.272 0.047 
Organic acids and amides    
Adipic acid 2.154 1.107 0.096 
Fumaric acid 3.044 1.606 0.007 
Lactic acid 2.680 1.422 0.057 
Nicotinamide 2.070 1.049 0.030 
Fatty acids     
Dodecanoic acid (C12_0) 2.215 1.148 0.019 
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Table S3.1 Summary of mean comparative data (n = 6) for symbiont samples at Days 0, 6 and 8, under ambient conditions 
(C) and thermal stress (HS) 
 
0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
1-Monohexadecanoglycerol  27.720 7.599 11.888 1.381 30.909 7.483 13.528 3.053 39.260 7.600 
1-Monooctodecanoglycerol  0.761 0.157 0.445 0.083 0.613 0.131 0.438 0.086 0.826 0.096 
Adipic acid   0.065 0.011 0.099 0.026 0.073 0.022 0.082 0.016 0.099 0.026 
Alanine  0.130 0.015 0.132 0.018 0.093 0.011 0.140 0.017 0.115 0.035 
Ascorbate   0.192 0.029 0.154 0.031 0.228 0.062 0.149 0.022 0.256 0.055 
Aspartate  0.456 0.065 0.342 0.065 0.231 0.050 0.365 0.043 0.115 0.023 
Campesterol  4.263 0.582 6.737 1.734 3.257 0.631 5.452 0.609 4.337 0.880 
Cholesterol  0.105 0.021 0.127 0.037 0.117 0.015 0.092 0.012 0.223 0.041 
Cystathionine  1.198 0.367 0.263 0.049 0.872 0.376 0.315 0.094 0.657 0.328 
Decanoic acid (C10:0)  0.173 0.023 0.211 0.052 0.493 0.174 0.144 0.014 0.794 0.195 
DHA (C22:6) 1.854 0.216 1.095 0.238 1.666 0.304 1.274 0.199 1.237 0.340 
Diethylene glycol  0.530 0.090 1.086 0.291 0.337 0.092 0.581 0.116 0.561 0.151 
Docosanoic acid (C22:0) 0.698 0.095 0.861 0.215 1.459 0.313 0.688 0.112 1.839 0.469 
Dodecanoic acid (C12:0) 3.403 0.373 1.876 0.425 11.244 3.019 1.615 0.139 13.592 4.025 
DPA (C22:5) 0.671 0.125 0.451 0.071 1.902 0.484 0.487 0.036 2.288 0.751 
Eicosanoic acid (C20:0) 0.423 0.066 0.386 0.086 0.962 0.146 0.362 0.034 1.195 0.357 
Eicosapentaenoic acid (C20:5) 2.772 0.461 2.230 0.336 5.898 1.295 2.403 0.314 5.548 1.458 
Fructose  0.120 0.042 0.201 0.123 0.167 0.040 0.091 0.007 0.119 0.016 
Galactinol 0.726 0.059 1.393 0.462 1.014 0.154 0.808 0.101 1.495 0.258 
Galactose 14.648 3.184 13.675 2.416 10.957 1.862 14.268 1.415 6.878 1.434 
Galactosylglycerol 39.889 9.531 53.199 12.328 25.196 6.222 47.557 14.079 15.125 5.456 
Gentiobiose  6.892 2.604 7.370 2.408 1.435 0.403 14.225 4.100 1.213 0.478 
Gluconic acid 0.388 0.061 0.670 0.185 0.509 0.116 0.504 0.065 0.796 0.200 
Glucose 6.115 0.654 4.525 0.474 14.057 3.016 4.803 0.599 8.715 1.924 
Glutamate 0.116 0.025 0.130 0.012 0.088 0.016 0.167 0.034 0.092 0.025 
Glutaric acid  0.101 0.022 0.168 0.044 0.127 0.039 0.152 0.029 0.177 0.052 
Glycerate  0.055 0.006 0.085 0.014 0.053 0.009 0.072 0.008 0.066 0.014 
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0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
Glycerol  191.425 30.112 100.824 10.342 297.045 45.226 109.411 12.111 214.180 70.621 
Glycerol-2-P  0.130 0.006 0.184 0.048 0.170 0.033 0.158 0.020 0.241 0.048 
Glycerol-3-P  1.426 0.159 1.997 0.333 1.185 0.215 1.865 0.078 1.273 0.255 
Glycine 0.044 0.004 0.057 0.009 0.043 0.003 0.120 0.049 0.057 0.013 
Glycolic acid  0.596 0.069 0.992 0.226 0.664 0.148 0.822 0.150 0.892 0.171 
Guanine  2.567 0.621 2.612 0.557 3.918 1.641 1.227 0.114 4.876 2.048 
Hexadecanoic acid (C16:0) 233.946 20.640 147.190 15.147 412.834 99.158 146.348 14.025 426.033 137.207 
Hexadecanol 1.551 0.167 1.889 0.342 1.545 0.386 2.092 0.106 2.211 0.476 
Hexadecenoic acid (C16:1) 31.172 5.459 16.385 1.893 72.622 19.385 19.970 3.205 68.734 20.237 
Inositol, myo-  0.502 0.069 0.451 0.111 0.539 0.073 0.483 0.071 0.727 0.192 
Inositol, scyllo- 0.615 0.169 0.452 0.070 0.549 0.154 0.589 0.119 0.358 0.108 
Inositol-2-P  0.145 0.033 0.154 0.036 0.165 0.027 0.189 0.016 0.405 0.124 
Isoleucine  0.518 0.083 0.395 0.110 0.318 0.046 0.364 0.087 0.176 0.034 
Lactate  0.616 0.053 0.642 0.130 0.490 0.068 0.535 0.031 0.933 0.113 
Leucine  1.930 0.351 1.390 0.366 1.185 0.181 1.419 0.323 0.774 0.152 
Linoleic acid (C18:2) 13.313 3.132 1.923 0.270 21.296 7.823 2.616 0.572 22.457 9.410 
Linolenic acid (C18:3) 12.206 2.858 1.573 0.199 18.316 6.005 2.333 0.544 18.621 7.203 
Lysine 0.150 0.028 0.143 0.028 0.115 0.010 0.150 0.045 0.123 0.049 
Malate  0.052 0.013 0.119 0.051 0.070 0.020 0.059 0.004 0.043 0.004 
Melibiose 1.878 0.680 2.003 0.669 0.429 0.121 4.027 1.164 0.410 0.114 
Monolinoleylglycerol  0.698 0.339 0.119 0.041 0.372 0.165 0.180 0.081 0.492 0.159 
Monooleoylglycerol  0.421 0.147 0.052 0.011 0.397 0.114 0.085 0.026 0.613 0.155 
Monopalmitoglycerol  2.367 0.778 1.258 0.272 1.928 0.574 1.783 0.450 2.825 0.632 
Nicotinamide  0.076 0.012 0.110 0.014 0.080 0.016 0.096 0.011 0.103 0.015 
Octadecanoic acid (C18:0) 14.928 1.626 12.836 1.877 16.105 2.447 11.349 1.029 18.252 4.251 
Octadecanol  0.576 0.052 0.808 0.116 0.683 0.137 0.769 0.092 1.248 0.235 
Oleic acid_25.53 (C18:1) (9Z) 18.324 2.835 4.841 0.530 26.101 4.918 6.790 1.391 23.697 7.453 
Oleic acid_25.612 (C18:1) (9E) 0.372 0.065 0.462 0.067 0.230 0.050 0.460 0.051 0.320 0.052 
Phenylalanine 0.257 0.041 0.246 0.037 0.150 0.022 0.218 0.044 0.106 0.015 
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0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
Phytol  3.904 0.796 6.460 1.977 5.696 1.674 5.905 0.688 14.518 4.332 
Proline  0.634 0.151 0.648 0.475 0.666 0.155 0.268 0.087 0.308 0.059 
Pyroglutamate  64.725 9.558 104.783 20.925 47.815 11.867 72.030 15.387 65.777 17.933 
Pyruvic acid  1.147 0.086 1.707 0.390 1.229 0.223 1.097 0.107 1.876 0.274 
Ribitol  0.272 0.030 0.525 0.110 0.173 0.037 0.410 0.036 0.186 0.042 
Serine 0.680 0.124 0.480 0.147 0.483 0.058 0.612 0.186 0.305 0.065 
Stearidonic acid (C18:4) 1.964 0.219 1.242 0.186 2.817 0.661 1.207 0.152 2.118 0.557 
Succinate 0.131 0.018 0.253 0.064 0.150 0.030 0.199 0.037 0.187 0.042 
Sucrose  0.856 0.124 1.561 0.427 1.088 0.135 0.928 0.112 1.040 0.107 
Tetradecanoic acid (C14:0) 46.660 5.245 21.424 2.147 126.376 28.923 23.482 2.734 115.720 28.737 
Threonate  0.120 0.009 0.126 0.017 0.088 0.011 0.114 0.009 0.080 0.014 
Threonine 0.329 0.048 0.290 0.055 0.194 0.023 0.311 0.061 0.135 0.022 
Thymine 0.107 0.022 0.194 0.035 0.130 0.038 0.167 0.025 0.204 0.055 
Tocopherol  0.714 0.152 1.221 0.525 0.721 0.111 0.601 0.127 3.349 1.592 
Turanose  0.429 0.086 0.241 0.032 0.049 0.012 0.193 0.030 0.043 0.007 
Tyrosine  0.562 0.082 0.467 0.081 0.447 0.128 0.428 0.122 0.251 0.053 
Urea  0.195 0.022 0.311 0.102 0.212 0.020 0.185 0.018 0.296 0.046 
            
Table S3.2 Summary of mean comparative data (n = 6) for host samples at Days 0, 6 and 8, under ambient conditions (C) 
and thermal stress (HS) 
 
0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
1-Monohexadecanoglycerol  0.431369 0.080682 0.332118 0.043246 0.396992 0.083268 0.486776 0.069592 0.521997 0.260422 
Adenine  39.4492 16.18969 25.04666 5.483669 18.80187 6.837621 27.91988 5.489185 41.61764 7.911027 
Adenosine 0.038097 0.006432 0.062865 0.012665 0.03442 0.007259 0.043758 0.01054 0.046276 0.016888 
Alanine  0.060866 0.021177 0.083462 0.022689 0.045606 0.021109 0.226092 0.125881 0.121572 0.04311 
Arabinose  0.582385 0.079692 0.645173 0.088709 0.546723 0.036558 0.631983 0.076438 0.498809 0.043715 
Ascorbate 2.071844 1.321119 1.6422 1.03596 0.089007 0.0362 0.710848 0.434863 0.124083 0.075292 
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0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
beta_Alanine  0.016596 0.006571 0.026274 0.004121 0.026292 0.013398 0.037309 0.010767 0.034392 0.008436 
Campesterol  1.50435 0.180083 1.674018 0.120948 1.591606 0.075472 1.645803 0.219035 1.727491 0.215319 
Cellobiose  0.619143 0.278179 0.261785 0.067285 0.225091 0.136205 0.558465 0.219964 0.918681 0.759093 
Cholesterol  0.050905 0.003871 0.062073 0.009798 0.061738 0.005927 0.058928 0.006426 0.060884 0.006669 
Diethylene glycol  0.365857 0.022158 0.570956 0.078215 0.395153 0.024387 0.483845 0.113792 0.386082 0.035707 
Digalactosylglycerol  0.166155 0.029527 0.237151 0.043147 0.28663 0.047879 0.25202 0.039485 0.103762 0.016141 
Eicosanoic acid (C20:0) 0.106162 0.026238 0.081818 0.003581 0.092499 0.017786 0.110976 0.014048 0.112286 0.00835 
Erythronate 2.293181 0.393573 2.07646 0.417127 1.416067 0.137731 2.46243 0.327309 0.944529 0.072703 
Ethanolamine 0.284162 0.136328 0.414422 0.153961 0.507149 0.339577 0.759899 0.193083 0.677466 0.266359 
Fructose 0.385901 0.053784 0.42078 0.042083 0.582807 0.240188 0.570256 0.180133 0.301754 0.054972 
Galactinol 0.031724 0.0029 0.03178 0.002398 0.047186 0.004263 0.037698 0.002799 0.049547 0.004313 
Galactitol  7.182725 1.473217 6.086866 1.460977 11.40478 1.727717 7.371189 2.066096 7.93775 0.647312 
Galactose 24.83825 1.247635 20.80661 1.422647 28.48372 2.383205 22.81095 3.189515 11.95283 1.701144 
Galactosylglycerol 142.8784 26.4283 91.37297 10.71849 37.53099 5.581038 127.0193 26.7708 17.89149 2.095142 
Gentiobiose  0.084629 0.013461 0.0615 0.015143 0.155253 0.016618 0.065564 0.014388 0.134584 0.019318 
Gluconic acid  1.047349 0.075473 0.839624 0.063774 1.429495 0.085871 0.986736 0.106064 1.544255 0.093324 
Glucose 69.90295 7.708507 57.68582 5.881093 90.25238 11.86752 58.56382 3.613706 59.16389 8.62066 
Glutamate 1.69342 0.643539 1.34586 0.545493 0.57847 0.374895 2.19423 1.065662 0.91591 0.219045 
Glyceric acid 0.52522 0.091561 0.503399 0.088669 0.384708 0.032966 0.651058 0.120061 0.288952 0.029329 
Glycerol  24.59473 3.705151 17.75128 2.593014 15.787 2.057689 19.88347 2.6667 10.20005 1.986556 
Glycine 63.27843 12.95646 75.84173 10.59746 70.07464 5.080642 66.67032 3.882555 72.07451 3.794372 
Glycolic acid  0.291654 0.070934 0.192752 0.031857 0.162649 0.03603 0.251191 0.037593 0.179426 0.040386 
Guanine  1.347335 0.229048 0.417439 0.173582 0.242366 0.159213 0.453437 0.173817 1.141701 0.372361 
Gulonic acid 0.033142 0.001667 0.039533 0.007437 0.026266 0.002175 0.046323 0.004742 0.036942 0.004752 
Hexadecanoic acid (C16:0) 8.627514 2.045812 7.198602 0.28528 7.700059 1.440837 9.563273 1.23542 8.247188 1.440968 
Hexadecanol  11.42006 1.585083 10.79539 0.650125 11.48032 0.909218 11.58852 1.11337 10.64401 2.323984 
Hexadecenoic acid (C16:1) 0.720965 0.16894 0.58271 0.044975 0.502219 0.106801 0.832877 0.073588 0.519033 0.141742 
Homoserine  0.097875 0.035799 0.18235 0.062583 0.062652 0.02794 0.267036 0.096164 0.076495 0.015375 
Inositol, myo  12.26325 0.45548 16.13745 1.016891 36.79334 3.186349 19.87482 2.283924 24.57553 2.962208 
Isoleucine  0.21519 0.083819 0.516905 0.191288 0.249191 0.172731 1.004173 0.417465 0.392971 0.181454 
Isomaltose  0.131423 0.031934 0.101044 0.0301 0.096089 0.020465 0.140812 0.05529 0.049973 0.007208 
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0C  S.E.M 6C  S.E.M 6HS  S.E.M 8C  S.E.M 8HS  S.E.M 
Lactate  0.602542 0.099359 0.572204 0.144934 0.559413 0.119626 0.823178 0.135855 0.739619 0.189736 
Linoleic acid (C18:2) 0.108453 0.026218 0.046781 0.003501 0.075361 0.018208 0.06773 0.005684 0.080664 0.021354 
Lysine 1.645628 0.705284 1.397503 0.38209 2.063397 1.03272 1.524621 0.315995 3.205463 0.789699 
Maltose 6.623683 1.283987 10.41744 3.619627 3.130655 0.631535 10.01536 1.711845 1.890304 0.617972 
Melibiose 0.072185 0.014063 0.077832 0.012828 0.118792 0.023727 0.102544 0.019591 0.062651 0.007219 
Monopalmitoglycerol  0.130433 0.031184 0.08386 0.008407 0.123427 0.020615 0.131619 0.016481 0.134373 0.055545 
Nicotinamide  6.476109 1.732351 6.606637 0.603985 6.678558 0.902976 9.332339 1.45481 7.673835 0.561457 
Octadecanoic acid (C18:0) 3.726172 0.843249 3.151695 0.102777 3.452375 0.631877 4.270755 0.613049 4.13355 0.323331 
Octadecanol  1.788856 0.302061 2.902722 0.555892 2.418367 0.221969 4.008957 1.027617 2.139962 0.333525 
Oleic acid (C18:1) (9Z) 0.477235 0.114028 0.341628 0.007772 0.381357 0.087189 0.488058 0.048124 0.424372 0.094025 
Phenylalanine 0.146069 0.060912 0.15552 0.052463 0.055315 0.017609 0.233633 0.063006 0.062248 0.015384 
Proline  0.649257 0.311871 1.154635 0.455721 0.973364 0.804818 2.390983 1.111711 1.131416 0.437134 
Pyroglutamic acid 8.056648 2.388984 6.920184 1.393791 6.54786 0.632413 8.763392 2.670523 11.00797 1.48461 
Pyruvate 0.209587 0.027376 0.16391 0.010931 0.188226 0.03867 0.237555 0.028027 0.142572 0.023096 
Serine 1.482155 0.65409 2.530701 0.875933 2.356952 1.565328 4.450221 1.524541 4.712645 1.592371 
Succinate 1.586254 0.166677 1.417884 0.13911 0.970095 0.064422 1.70836 0.118609 0.84131 0.071133 
Sucrose  1.013433 0.187753 1.080575 0.352859 1.130872 0.318625 2.475688 1.35357 1.7749 0.43555 
Tetradecanoic acid (C14:0) 1.987947 0.369402 1.77271 0.166382 1.727855 0.237336 2.291166 0.262597 1.533292 0.265673 
Threitol  0.067521 0.01497 0.103326 0.009553 0.068846 0.016125 0.108196 0.01628 0.081695 0.009753 
Threonate-1,4-lactone  0.097237 0.021872 0.095659 0.020131 0.061388 0.009811 0.149062 0.019235 0.061959 0.007518 
Threonine 0.975911 0.43445 1.722579 0.512378 1.118539 0.718385 2.585949 0.725536 2.581485 0.730256 
Thymidine  0.861803 0.136825 0.984875 0.199564 0.751262 0.121652 0.922758 0.185849 0.50549 0.047948 
Thymine  8.481598 3.867548 9.733234 1.702218 5.210333 3.038886 11.95358 2.721209 11.64775 2.431764 
Tocopherol  0.432716 0.051816 0.582033 0.13754 0.346193 0.029698 0.497643 0.086848 0.342521 0.045969 
Tryptamine   10.93651 1.535359 6.399536 1.13201 1.766677 0.364731 10.50857 2.659553 0.873216 0.152368 
Tyramine 8.461174 2.084254 12.1555 2.156054 13.04689 2.242306 14.35625 2.853908 14.64793 3.251184 
Uracil 0.736169 0.313395 0.862134 0.13473 0.581735 0.334511 1.004431 0.276864 1.448566 0.277993 
Urea  0.030189 0.012915 0.060558 0.012853 0.12452 0.075568 0.098633 0.040816 0.317049 0.082002 
Xylose  1.11979 0.440805 0.883941 0.399132 2.439149 0.742706 1.545418 0.607745 2.025016 0.866403 
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Table S3.3 Mean quantitative data (n = 6) for the symbiont fraction at Day 8; concentrations in picomoles per mg dry 
weight, with fold change and student-t-test outputs.  
 
Mean 
conc.  S.E.M. x-fold S.E.M. 
 
Mean 
conc. S.E.M. x-fold S.E.M. t-Test 
 
D8 C  
 
D8 HS  
Succinate 109.098 13.830 1.000 0.127 
 
31.145 5.776 0.285 0.185 0.000 
Fumarate 66.153 9.440 1.000 0.143 
 
28.211 1.799 0.426 0.064 0.003 
Malate  53.969 5.032 1.000 0.093 
 
33.067 2.085 0.613 0.063 0.003 
Xylose 15.348 0.636 1.000 0.041 
 
15.943 1.150 1.039 0.072 0.661 
Ribose  13.589 0.937 1.000 0.069 
 
15.605 0.976 1.148 0.063 0.167 
Arabinose  40.075 3.139 1.000 0.078 
 
21.797 1.721 0.544 0.079 0.000 
Xylitol  10.212 1.550 1.000 0.152 
 
13.871 1.631 1.358 0.118 0.135 
arabitol  8.965 1.000 1.000 0.112 
 
14.302 2.221 1.595 0.155 0.053 
Fucose  29.873 1.636 1.000 0.055 
 
23.414 1.304 0.784 0.056 0.012 
Citrate  47.327 4.168 1.000 0.088 
 
50.579 2.294 1.069 0.045 0.510 
Mannose  19.230 1.610 1.000 0.084 
 
18.278 1.303 0.950 0.071 0.656 
Galactose   533.919 44.124 1.000 0.083 
 
253.671 50.004 0.475 0.197 0.002 
Glucose  693.531 105.800 1.000 0.153 
 
1056.117 219.789 1.523 0.208 0.168 
Glucuronate 22.210 1.078 1.000 0.049 
 
25.382 1.683 1.143 0.066 0.144 
Galactitol  8.834 0.789 1.000 0.089 
 
10.555 0.513 1.195 0.049 0.097 
Inositol  32.512 5.509 1.000 0.169 
 
43.151 9.744 1.327 0.226 0.364 
Ferulic Acid  53.809 5.448 1.000 0.101 
 
58.997 3.579 1.096 0.061 0.445 
Sucrose  44.279 6.661 1.000 0.150 
 
53.805 8.683 1.215 0.161 0.404 
Maltose  48.939 4.964 1.000 0.101 
 
53.478 8.759 1.093 0.164 0.662 
Turanose   24.900 1.350 1.000 0.054 
 
18.842 3.988 0.757 0.212 0.181 
beta-Gentibiose   47.096 2.044 1.000 0.043 
 
59.491 3.866 1.263 0.065 0.018 
Melibiose   57.247 6.292 1.000 0.110 
 
65.197 5.634 1.139 0.086 0.369 
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Table S3.4 Mean quantitative data (n = 6) for the host fraction at Day 8; concentrations in picomoles per mg dry weight, 
with fold change and student-t-test outputs.  
 Mean 
conc.  
S.E.M. x-fold S.E.M.  Mean 
conc. 
S.E.M. x-fold S.E.M. t-Test 
 
D8 C  
 
D8 HS  
Nicotinic Acid  406.866 58.431 1.000 0.144 
 
376.964 54.174 0.927 0.144 0.715 
Succinate  26.174 6.771 1.000 0.259 
 
12.735 4.568 0.487 0.359 0.131 
Fumarate  9.403 0.677 1.000 0.072 
 
11.608 1.421 1.235 0.122 0.192 
Malate  16.300 2.544 1.000 0.156 
 
17.428 2.997 1.069 0.172 0.780 
Erythritol  5.306 0.305 1.000 0.058 
 
4.211 0.419 0.794 0.100 0.061 
Salicylate  1.727 0.419 1.000 0.243 
 
2.166 1.017 1.255 0.470 0.698 
Xylose  211.047 22.514 1.000 0.107 
 
40.988 6.468 0.194 0.158 0.000 
Ribose  93.657 8.711 1.000 0.093 
 
98.410 6.217 1.051 0.063 0.666 
Arabinose  87.536 11.109 1.000 0.127 
 
54.691 8.002 0.625 0.146 0.037 
Xylitol  17.469 1.877 1.000 0.107 
 
77.531 19.836 4.438 0.256 0.013 
Rhamnose  11.941 1.490 1.000 0.125 
 
9.260 1.064 0.775 0.115 0.174 
arabitol  49.790 2.596 1.000 0.052 
 
40.589 1.264 0.815 0.031 0.010 
Fucose   13.536 0.797 1.000 0.059 
 
13.999 1.148 1.034 0.082 0.747 
Shikimate  53.739 5.308 1.000 0.099 
 
65.975 25.152 1.228 0.381 0.644 
Citrate  46.228 4.760 1.000 0.103 
 
65.917 11.477 1.426 0.174 0.144 
Quinate  6.679 0.642 1.000 0.096 
 
6.837 1.011 1.024 0.148 0.898 
Mannose  27.983 1.679 1.000 0.060 
 
18.491 1.361 0.661 0.074 0.001 
Galactose   470.677 46.889 1.000 0.100 
 
325.794 43.259 0.692 0.133 0.046 
Glucose  2216.367 77.014 1.000 0.035 
 
2169.945 198.120 0.979 0.091 0.832 
Mannitol  22.251 5.346 1.000 0.240 
 
28.943 7.500 1.301 0.259 0.484 
Glucuronate   14.337 0.758 1.000 0.053 
 
15.979 1.050 1.115 0.066 0.234 
Galactitol  419.989 71.748 1.000 0.171 
 
458.941 30.210 1.093 0.066 0.628 
Gluconate  37.385 6.387 1.000 0.171 
 
27.658 1.554 0.740 0.056 0.170 
Inositol  594.793 37.145 1.000 0.062 
 
675.396 48.213 1.136 0.071 0.215 
Fructose-6-P  166.137 37.440 1.000 0.225 
 
118.430 46.586 0.713 0.393 0.443 
Sucrose  56.729 27.628 1.000 0.487 
 
34.200 12.951 0.603 0.379 0.477 
Maltose  410.871 34.501 1.000 0.084 
 
72.665 13.870 0.177 0.191 0.000 
Turanose   29.049 2.239 1.000 0.077 
 
23.411 1.496 0.806 0.064 0.063 
beta-Gentibiose   17.420 1.684 1.000 0.097 
 
25.829 2.457 1.483 0.095 0.018 
Melibiose   14.865 1.514 1.000 0.102 
 
19.602 2.947 1.319 0.150 0.183 
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Table S3.5 Relative change in key symbiont metabolite pathway activities 
following 6 and 8 days of heat stress at 32 °C (* P < 0.05, t-test activity score x 
treatment, with FDR correction). 
Pathway  6 d 8 d 
Linoleic acid metabolism  -7.012* -4.908 
Vitamin digestion and absorption  1.406 -4.194* 
Ubiquinone and other terpenoid-quinone biosynthesis 1.447 -3.499 
Purine metabolism -1.400 -3.415 
Fatty acid biosynthesis  -3.256* -3.187 
Biosynthesis of unsaturated fatty acids  -2.927* -2.966 
Cutin, suberine and wax biosynthesis -2.888 -2.947 
Fatty acid metabolism  -2.805* -2.911 
Fatty acid elongation  -2.805* -2.911 
Fatty acid degradation  -2.777* -2.883 
Biosynthesis of plant secondary metabolites -2.693 -2.825 
Fat digestion and absorption  1.082 -2.428* 
Steroid degradation  1.082 -2.428* 
Steroid hormone biosynthesis  1.082 -2.428* 
ABC transporters  -2.778* -1.838 
Indole alkaloid biosynthesis -3.106 -1.814 
Glycolysis / Gluconeogenesis  -2.295* -1.791 
Pentose phosphate pathway  -2.268* -1.769 
Terpenoid backbone biosynthesis 1.388 -1.710 
Vitamin B6 metabolism 1.388 -1.710 
Phosphatidylinositol signalling system -1.165 -1.686 
Inositol phosphate metabolism -1.165 -1.686 
Pyruvate metabolism 1.379 -1.686 
Starch and sucrose metabolism  -2.353* -1.648 
D-Alanine metabolism 1.391 -1.609 
Ascorbate and aldarate metabolism  1.169 -1.595* 
Citrate cycle (TCA cycle) 1.434 -1.554 
Taurine and hypotaurine metabolism 1.397 -1.484 
Glycerolipid metabolism  -2.091* -1.461 
Biosynthesis of phenylpropanoids 1.453 -1.406 
Pentose and glucuronate interconversions 1.592 -1.368 
Galactose metabolism  -1.971* -1.364 
Pantothenate and CoA biosynthesis 1.402 -1.362 
Nicotinate and nicotinamide metabolism 1.401 -1.344 
Tyrosine metabolism 1.329 -1.342 
Thiamine metabolism 1.298 -1.328 
Fructose and mannose metabolism 1.198 -1.302 
Carbon fixation in photosynthetic organisms 1.416 -1.294 
Arginine and proline metabolism 1.293 -1.292 
Phenylalanine metabolism 1.352 -1.246 
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Table S3.5 (cont.) 
Pathway (cont.) 6 d 8 d 
Alanine aspartate and glutamate metabolism 1.432 -1.212 
Glyoxylate and dicarboxylate metabolism 1.375 -1.118 
Cysteine and methionine metabolism 1.306 -1.089 
Glycine, serine and threonine metabolism 1.325 1.008 
Valine, leucine and isoleucine biosynthesis 1.298 1.015 
Biosynthesis of terpenoids and steroids 1.873 1.056 
Oxidative phosphorylation 1.687 1.063 
Glutathione metabolism 2.182 1.095 
Biosynthesis of plant hormones 1.848 1.109 
2-Oxocarboxylic acid metabolism 1.284 1.152 
Lysine degradation 1.293 1.180 
Carbohydrate digestion and absorption -1.316 1.199 
Steroid biosynthesis 2.035 1.216 
Selenocompound metabolism 1.428 1.219 
Amino sugar and nucleotide sugar metabolism -1.374 1.223 
Brassinosteroid biosynthesis 2.069 1.257 
Betalain biosynthesis 1.046 1.708 
Isoquinoline alkaloid biosynthesis 1.046 1.708 
D-Glutamine and D-glutamate metabolism 1.485 1.806 
Nitrogen metabolism 1.485 1.806 
Phenylpropanoid biosynthesis 1.195 1.813 
Phenylalanine, tyrosine and tryptophan biosynthesis 1.195 1.813 
Glucosinolate biosynthesis 1.180 1.827 
Valine, leucine and isoleucine degradation 1.173 1.833 
Sphingolipid metabolism -1.008 2.005 
Cyanoamino acid metabolism 1.175 2.089 
Porphyrin and chlorophyll metabolism 1.471 2.100 
Lysine biosynthesis 1.402 2.160 
Riboflavin metabolism  3.043* 2.204 
Histidine metabolism  1.480 2.563* 
beta-Alanine metabolism  1.479 3.170* 
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Table S3.6 Relative change in key host metabolite pathway activities following 
6 and 8 days of heat stress at 32 °C (* P < 0.05, t-test activity score x treatment, 
with FDR correction). 
Pathway  D6 D8 
Biotin metabolism -1.501 -2.170 
Lysine biosynthesis -1.346 -1.832 
beta-Alanine metabolism 1.461 -1.424 
Pantothenate and CoA biosynthesis 1.322 -1.271 
Inositol phosphate metabolism  -2.280* -1.237 
Phosphatidylinositol signalling system -2.280* -1.237 
Purine metabolism 1.136 -1.210 
Linoleic acid metabolism -1.611 -1.191 
Ascorbate and aldarate metabolism -2.055* -1.187 
Lysine degradation 1.071 -1.104 
Thiamine metabolism 1.082 -1.079 
Cyanoamino acid metabolism 1.083 -1.077 
Glutathione metabolism 1.109 -1.074 
Glycine, serine and threonine metabolism 1.091 -1.067 
Sphingolipid metabolism 1.074 -1.059 
Biosynthesis of amino acids 1.091 -1.053 
Brassinosteroid biosynthesis 1.052 -1.050 
Steroid biosynthesis 1.050 -1.049 
Glyoxylate and dicarboxylate metabolism 1.097 -1.039 
Fat digestion and absorption 1.005 -1.033 
Steroid degradation 1.005 -1.033 
Steroid hormone biosynthesis 1.005 -1.033 
Pentose phosphate pathway -1.559 -1.012 
Glycolysis / Gluconeogenesis -1.558 -1.007 
ABC transporters -1.198 1.046 
Biosynthesis of unsaturated fatty acids -1.081 1.116 
Fatty acid degradation -1.066 1.120 
Glycerophospholipid metabolism -1.224 1.122 
Starch and sucrose metabolism -1.364 1.128 
Amino sugar and nucleotide sugar metabolism -1.513 1.144 
Fatty acid metabolism -1.070 1.160 
Fatty acid elongation -1.070 1.160 
Fatty acid biosynthesis -1.055 1.174 
Pyruvate metabolism -1.016 1.202 
Phosphonate and phosphinate metabolism -1.202 1.216 
Nicotinate and nicotinamide metabolism -1.014 1.224 
Carbohydrate digestion and absorption -1.367 1.258 
Biosynthesis of terpenoids and steroids 1.184 1.325 
Pentose and glucuronate interconversions -1.054 1.581 
Propanoate metabolism 1.296 1.590* 
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Table S3.6 (cont).  
Pathway (cont.) D6 D8 
D-Alanine metabolism 1.058 1.755 
Selenocompound metabolism 1.830 1.860 
Fructose and mannose metabolism -1.385 1.890 
Galactose metabolism -1.051 1.932* 
Phenylalanine metabolism 1.377 1.951* 
Arginine and proline metabolism 1.461 1.963 
Citrate cycle (TCA cycle) 1.366 1.978* 
Oxidative phosphorylation 1.462 2.031* 
Biosynthesis of phenylpropanoids 1.431 2.083* 
Alanine, aspartate and glutamate metabolism 1.689 2.160 
Taurine and hypotaurine metabolism 1.961 2.252 
Histidine metabolism 2.327 2.396 
Nitrogen metabolism 2.327 2.396 
D-Glutamine and D-glutamate metabolism 2.327 2.396 
Phenylalanine, tyrosine and tryptophan biosynthesis 2.812 3.753 
Glucosinolate biosynthesis 2.812 3.753 
Glycerolipid metabolism 2.035* 5.189* 
Tryptophan metabolism 3.622* 12.034* 
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Table S4.1 Summarised NTFD output (M+0) data for Aiptasia symbiont under control (C) and thermal stress (HS) 
conditions at 7 d 
 
 
 
             Mean 7C Mean 7HS 
Group M+0 7C M+0 7HS M+0 M+X M+0 M+X 
Glycerol 0.820 0.704 0.910 0.936 
        
0.843 0.157 
  Threonate 0.889 
           
0.889 0.111 
  C12:0 0.833 0.766 0.826 0.906 0.890 0.875 0.753 0.732 0.759 0.781 0.779 0.857 0.849 0.151 0.777 0.223 
Citrate 0.658 0.649 0.648 0.738 0.729 0.727 0.665 0.645 
    
0.691 0.309 0.655 0.345 
C14:0 0.795 0.764 0.806 0.892 0.877 0.860 0.688 0.673 0.707 0.717 0.728 0.804 0.832 0.168 0.720 0.280 
Glucose 0.640 0.644 0.765 0.696 
  
0.678 0.689 0.753 0.734 
  
0.686 0.314 0.713 0.287 
Hexadecanoic methyl 
ester 0.914 
     
0.928 0.910 0.895 0.897 0.896 0.922 0.914 0.086 0.908 0.092 
C16:1 0.869 0.843 0.857 0.897 0.881 0.891 0.894 0.870 0.881 0.920 0.877 0.933 0.873 0.127 0.896 0.104 
Inositol_scyllo 0.856 0.850 
    
0.849 0.851 0.850 0.843 0.867 0.858 0.853 0.147 0.853 0.147 
C16:0 0.943 0.716 0.827 
   
0.882 0.947 
    
0.829 0.171 0.915 0.085 
Galactosylglycerol 
_25.59 0.754 0.722 0.738 0.798 
  
0.675 0.666 
    
0.753 0.247 0.671 0.329 
C18:1 0.887 0.908 0.905 
   
0.883 0.888 0.891 0.874 
  
0.900 0.100 0.884 0.116 
C18:0 0.743 0.748 0.746 0.844 0.820 0.799 0.702 0.701 0.762 
   
0.783 0.217 0.721 0.279 
Galactosylglycerol_26
.48 0.844 0.848 0.843 0.850 0.848 0.861 0.810 0.826 0.813 0.786 0.819 0.807 0.849 0.151 0.810 0.190 
Unknown FA_27.22 0.672 0.651 
    
0.664 0.685 
    
0.662 0.338 0.675 0.325 
Unknown FA_27.6 0.442 0.405 0.603 0.549 
  
0.428 0.459 
    
0.500 0.500 0.443 0.557 
Monopalmitolyglycero
l 0.615 0.567 0.676 0.766 0.713 0.725 0.671 0.681 0.706 0.726 0.738 0.784 0.677 0.323 0.718 0.282 
Mono-
hexadecenoylglycerol 0.911 0.917 0.905 0.926 0.926 
 
0.919 0.917 0.920 0.920 0.941 
 
0.917 0.083 0.923 0.077 
Mono-
hexadecanoylglycerol 0.676 0.632 0.690 0.757 0.682 0.698 0.693 0.686 0.732 0.764 0.737 0.756 0.689 0.311 0.728 0.272 
Adenosine 0.896 0.912 0.943 0.936 
  
0.841 0.839 0.859 0.822 0.834 0.827 0.922 0.078 0.837 0.163 
Maltose 0.827 0.815 0.830 0.877 0.771 
 
0.815 0.677 0.764 
   
0.824 0.176 0.752 0.248 
Turanose 0.621 0.585 0.585 0.647 0.685 
 
0.730 0.701 0.757 0.764 0.722 
 
0.625 0.375 0.735 0.265 
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Table S4.2 Summarised NTFD output (M+0) data for Aiptasia host under control (C) and thermal stress (HS) conditions at 
7 d 
Group M+0 7C M+0 7HS Mean 7C Mean 7HS 
 
            M+0 M+X M+0 M+X 
Glycerol  0.934 0.903 0.901 0.914 0.925 
 
0.934 0.898 0.921 0.931 0.942 
 
0.915 0.085 0.914 0.086 
Glycerate 
      
0.937 0.907 
    
  0.922 0.078 
Pyroglutamate 
     
0.840 0.847 
    
  0.844 0.156 
Glutamate 
     
0.812 0.881 
    
  0.847 0.153 
Fructose MX1  0.862 0.837 0.840 0.865 0.875 0.846 0.847 0.828 0.858 0.869 0.872 0.862 0.854 0.146 0.850 0.150 
Galactose 0.770 0.794 0.785 0.818 0.837 
 
0.733 0.824 0.731 0.758 0.740 
 
0.801 0.199 0.800 0.200 
Glucose 0.851 0.821 0.835 0.864 0.853 
 
0.836 0.816 0.829 0.860 0.848 
 
0.845 0.155 0.841 0.159 
Inositol, scyllo- 0.859 0.856 0.896 0.873 0.899 
 
0.863 0.861 0.856 0.860 0.879 0.874 0.876 0.124 0.878 0.122 
Inositol, myo- 0.509 0.507 0.527 0.553 
  
0.802 0.858 0.882 
   
0.524 0.476 0.685 0.315 
Galactosylglycerol_25.58 0.701 0.673 0.686 0.734 0.733 0.747 0.615 0.588 0.554 0.579 0.577 0.607 0.712 0.288 0.684 0.316 
Galactosylglycerol_26.47 0.861 0.872 
    
0.838 0.831 0.834 0.831 
  
0.866 0.134 0.834 0.166 
Sucrose 0.255 0.292 
          
0.274 0.726   
Maltose 0.855 0.857 0.864 0.884 0.884 0.879 0.839 0.819 0.881 0.847 0.827 
 
0.870 0.130 0.861 0.139 
Unknown sugar_31.39 0.883 0.867 0.843 0.877 
        
0.867 0.133 0.860 0.140 
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Table S4.3 Summarised NTFD output (M+0) data for A. aspera symbiont under control (C) and thermal stress (HS) 
conditions at 6 d 
 
            6C 6HS 
Group  M+0 6C M+0 6HS M+0 M+X M+0 M+X 
Glycerol  0.664 0.647 0.555 0.682 0.695 0.733 0.577 0.733 0.742 0.644 0.703 0.663 0.663 0.337 0.677 0.323 
C12:0 
 
0.454 
 
0.381 0.498 0.583 0.480 0.790 0.799 0.680 0.753 0.742 0.479 0.521 0.707 0.293 
C14:0 0.506 0.511 0.411 0.369 0.562 0.569 0.518 0.778 0.755 0.632 0.708 0.653 0.488 0.512 0.674 0.326 
Galactose 0.908 0.850 0.853 0.845 0.879 0.880 0.876 0.823 0.817 0.852 0.859 0.849 0.869 0.131 0.846 0.154 
Glucose 0.587 0.534 0.498 0.546 0.617 
 
0.631 0.510 0.596 0.706 0.657 
 
0.556 0.444 0.620 0.380 
C16:0 0.685 0.702 0.647 0.633 0.687 0.724 0.585 0.723 0.689 0.572 0.685 0.640 0.680 0.320 0.649 0.351 
C18:1 0.888 0.702 
    
0.742 
     
0.795 0.205 0.742 0.258 
C18:0 0.915 0.894 0.892 0.909 0.917 
 
0.862 0.909 0.886 0.913 0.873 
 
0.905 0.095 0.889 0.111 
Galactosylglycerol 0.872 0.822 0.803 0.823 0.869 0.881 0.876 0.841 0.836 0.851 0.889 0.859 0.845 0.155 0.859 0.141 
Monopalmitoylglycerol 0.596 0.666 0.612 0.685 
  
0.605 0.653 0.674 
   
0.640 0.360 0.644 0.356 
Monohexadecanoylglycero
l 0.287 0.356 0.273 0.258 0.307 0.367 0.204 0.449 0.471 0.243 0.305 0.278 0.308 0.692 0.325 0.675 
2-Monolinoleoylglycerol 0.823 0.797 0.766 0.836 0.846 0.844 0.735 0.847 0.826 0.838 0.822 
 
0.819 0.181 0.814 0.186 
Gentiobiose 0.876 0.871 0.900 0.901 
  
0.914 
     
0.887 0.113 0.914 0.086 
Campesterol 0.889 0.886 0.860 0.856 0.862 
       
0.871 0.129   
C20:5 0.870 0.906 0.830 0.898 0.935 0.922 0.937 
     
0.893 0.107 0.937 0.063 
C20:0 0.825 0.803 0.764 0.837 0.851 0.819 0.826 0.813 
    
0.816 0.184 0.819 0.181 
C22:6 0.760 0.750 0.792 
         
0.767 0.233   
Maltotriose 0.836 0.830 0.773 0.851 0.830 
       
0.824 0.176   
Unknown sugar_38.7 0.270 0.228 0.298 
   
0.321 0.498 0.407 0.504 0.473 
 
0.265 0.735 0.441 0.559 
Cellotriose 0.817 0.774 0.744 0.778 0.847 0.847 0.808 0.776 0.819 0.815 
  
0.801 0.199 0.804 0.196 
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Table S4.4 Summarised NTFD output (M+0) data for A. aspera symbiont under control (C) and thermal stress (HS) 
conditions at 9 d 
 
            9C 9HS 
Group  M+0 9C M+0 9HS M+0 M+X M+0 M+X 
Glycerol  0.555 0.509 0.477 0.653 0.631 0.625 0.617 0.818 0.817 0.756 0.786 0.811 0.575 0.425 0.767 0.233 
C12:0 0.329 0.316 
   
0.485 0.614 0.884 0.900 0.840 0.843 0.854 0.376 0.624 0.823 0.177 
C14:0 0.443 0.256 0.365 0.439 0.473 
 
0.678 0.885 0.900 0.845 0.825 0.845 0.395 0.605 0.830 0.170 
Galactose 0.879 0.844 0.815 0.850 0.866 0.849 0.880 0.838 0.846 0.799 0.806 0.831 0.851 0.149 0.833 0.167 
Glucose 0.520 0.486 0.416 0.498 0.509 
 
0.596 0.550 0.596 0.634 0.724 0.736 0.486 0.514 0.639 0.361 
C16:0 0.666 0.666 0.664 0.673 
  
0.631 0.829 0.884 0.781 0.822 0.828 0.667 0.333 0.796 0.204 
C18:1 0.937 0.855 0.907 0.612 
  
0.765 
     
0.828 0.172 0.765 0.235 
C18:0 0.831 0.864 0.899 0.925 
  
0.935 
     
0.880 0.120 0.935 0.065 
Galactosylglycerol 0.855 0.803 0.812 0.839 0.860 0.892 0.850 0.860 0.894 0.875 0.858 0.881 0.843 0.157 0.870 0.130 
Monopalmitoylglycerol 0.556 0.499 0.525 
   
0.661 0.886 0.772 0.812 
  
0.527 0.473 0.783 0.217 
Mono-
hexadecanoylglycerol 0.241 0.158 0.243 0.247 0.201 
 
0.318 0.863 0.902 0.481 0.505 0.557 0.218 0.782 0.604 0.396 
2-Monolinoleoylglycerol 0.703 0.836 0.788 0.791 
  
0.783 0.934 0.884 0.913 
  
0.779 0.221 0.879 0.121 
Gentiobiose 0.872 0.849 0.901 0.904 
  
0.831 0.891 
    
0.882 0.118 0.861 0.139 
Campesterol 
           
    
C20:5 0.841 0.803 0.803 0.908 
        
0.839 0.161   
C20:0 0.816 0.734 0.825 0.831 0.810 
       
0.803 0.197   
C22:6 0.629 0.765 
          
0.697 0.303   
Maltotriose 0.745 0.763 0.822 0.823 
  
0.819 
     
0.788 0.212 0.819 0.181 
Unknown sugar_38.7 0.250 0.216 
    
0.441 0.633 0.604 0.658 
  
0.233 0.767 0.584 0.416 
Cellotriose 0.782 0.702 0.773 0.805 0.785 
 
0.790 0.777 0.802 
   
0.769 0.231 0.790 0.210 
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Table S4.5. Summarised NTFD output (M+0) data for A. aspera host under control (C) and thermal stress (HS) conditions 
at 6 d 
              6C 6HS 
Group  M+0 6C M+0 6HS M+0 M+X M+0 M+X 
Glycerol 0.615 0.633 0.636 0.606 0.694 0.695 0.660 0.632 0.693 0.706 0.775 0.754 0.646 0.354 0.703 0.297 
Serine  0.876 0.874 0.934 
   
0.913 0.936 0.943 0.933 
  
0.895 0.105 0.931 0.069 
Proline 0.925 0.884 0.901 
   
0.945 
     
0.903 0.097 0.945 0.055 
Glyceric acid 0.687 0.703 
    
0.792 
     
0.695 0.305 0.792 0.208 
Butyric acid 0.859 0.802 0.782 0.933 0.927 
 
0.899 0.934 0.929 0.949 0.937 
 
0.860 0.140 0.929 0.071 
Erythronic acid 0.921 0.890 0.895 0.938 
  
0.914 0.920 0.945 
   
0.911 0.089 0.926 0.074 
Unknown sugar_16.18 0.901 0.853 0.831 0.903 
  
0.926 0.934 
    
0.872 0.128 0.930 0.070 
Unknown sugar_16.49 0.817 0.792 
    
0.939 0.950 
    
0.805 0.195 0.944 0.056 
Glutarate_16.66 0.866 0.816 0.935 
   
0.897 
     
0.872 0.128 0.897 0.103 
Glutamate 0.870 0.823 0.859 0.938 0.932 
 
0.904 0.925 0.920 0.924 0.944 0.927 0.884 0.116 0.924 0.076 
Glutarate_17.20 0.855 0.800 0.774 0.869 0.930 0.922 0.894 0.902 0.921 0.925 0.932 0.934 0.858 0.142 0.918 0.082 
Arabinose 0.891 
     
0.945 0.939 
    
0.891 0.109 0.942 0.058 
Ribose 0.787 0.756 0.841 
   
0.814 0.841 0.834 0.859 0.840 
 
0.795 0.205 0.838 0.162 
??Diaminovalerolactam 0.762 0.749 0.833 0.916 0.907 
 
0.904 0.915 0.918 0.932 0.909 
 
0.833 0.167 0.916 0.084 
Arabitol 0.897 0.942 
    
0.896 0.920 0.924 
   
0.920 0.080 0.914 0.086 
C14:4 0.873 0.792 0.849 0.932 0.921 
 
0.891 0.942 
    
0.873 0.127 0.917 0.083 
C14:0 0.800 0.899 
    
0.895 0.875 0.883 
   
0.850 0.150 0.884 0.116 
Fructose 0.826 0.898 0.904 0.898 
  
0.900 0.843 0.818 
   
0.882 0.118 0.854 0.146 
Galactose 0.436 0.344 0.259 0.351 0.361 0.333 0.470 0.389 0.427 0.402 0.394 0.392 0.347 0.653 0.413 0.587 
Glucose 0.766 0.734 0.680 0.738 0.858 0.850 0.810 0.459 0.550 0.777 0.837 0.827 0.771 0.229 0.710 0.290 
Inositol, scyllo_21.89 0.699 0.575 0.778 
   
0.924 0.789 
    
0.684 0.316 0.856 0.144 
Inositol, scyllo_22.85 0.902 0.944 
          
0.923 0.077   
C16:0 0.879 0.884 0.898 0.903 
  
0.858 0.949 0.950 0.947 
  
0.891 0.109 0.926 0.074 
Inositol, myo- 0.920 0.945 
          
0.933 0.067   
Galactosylglycerol_25.60 0.215 0.280 0.254 0.235 0.324 
 
0.210 0.397 0.350 0.319 0.390 0.397 0.261 0.739 0.344 0.656 
Galactosylglycerol_26.05 0.237 0.239 0.251 0.244 0.271 
 
0.168 
     
0.248 0.752 0.168 0.832 
Galactosylglycerol_26.45 0.869 0.790 0.817 0.796 0.881 0.871 0.851 0.815 0.848 0.849 0.861 
 
0.838 0.162 0.845 0.155 
Monopalmitoylglycerol 0.657 0.722 
    
0.651 0.815 
    
0.690 0.310 0.733 0.267 
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              6C 6HS 
Group  M+0 6C M+0 6HS M+0 M+X M+0 M+X 
Mono-
hexadecanoylglycerol 0.641 0.714 0.940 0.751 
  
0.652 0.808 
    
0.762 0.238 0.730 0.270 
Sucrose 0.920 
     
0.861 0.834 
    
0.920 0.080 0.847 0.153 
Maltose 0.880 0.871 0.851 0.865 0.942 0.907 0.921 0.831 0.855 0.835 0.874 0.867 0.886 0.114 0.864 0.136 
Turanose 0.847 
     
0.873 0.860 
    
0.847 0.153 0.867 0.133 
Galactinol 0.905 
     
0.882 
     
0.905 0.095 0.882 0.118 
Digalactosylglycerol  0.915 0.904 
    
0.930 
     
0.910 0.090 0.930 0.070 
 
 
Table S4.6 Summarised NTFD output (M+0) data for A. aspera host under control (C) and thermal stress (HS) conditions at 
9 d 
 
            9C 9HS 
Group  M+0 9C M+0 9HS M+0 M+X M+0 M+X 
Glycerol 0.534 0.561 0.690 0.551 0.629 
 
0.729 0.670 0.673 0.805 0.684 0.753 0.593 0.407 0.719 0.281 
Serine  0.841 0.878 0.883 
   
0.918 0.914 0.928 
   
0.867 0.133 0.920 0.080 
Proline 0.837 0.855 0.811 0.917 0.906 
       
0.865 0.135   
Glyceric acid 0.713 0.666 
    
0.841 
     
0.689 0.311 0.841 0.159 
Butyric acid 0.858 0.856 0.891 
   
0.926 
     
0.868 0.132 0.926 0.074 
Erythronic acid 0.898 0.879 0.887 0.938 0.935 0.923 0.913 
     
0.910 0.090 0.913 0.087 
Unknown sugar_16.18 0.808 0.838 0.750 0.895 0.892 0.926 
      
0.851 0.149   
Unknown sugar_16.49 0.796 0.692 0.874 0.904 
        
0.816 0.184   
Glutarate_16.66 0.887 
           
0.887 0.113   
Glutamate 0.772 0.778 0.860 0.894 
  
0.934 0.934 0.946 
   
0.826 0.174 0.938 0.062 
Glutarate_17.20 0.747 0.782 0.699 0.857 0.848 0.890 0.921 
     
0.804 0.196 0.921 0.079 
Arabinose 0.845 0.918 0.911 0.914 
  
0.937 0.919 
    
0.897 0.103 0.928 0.072 
Ribose 0.763 0.723 0.797 
   
0.843 
     
0.761 0.239 0.843 0.157 
??Diaminovalerolactam 0.726 0.754 0.843 0.829 0.879 
 
0.901 0.934 0.942 0.949 0.948 
 
0.806 0.194 0.935 0.065 
Arabitol 0.922 0.947 0.944 0.945 
  
0.893 
     
0.939 0.061 0.893 0.107 
C14:4 0.747 0.785 0.844 0.843 
  
0.921 0.930 
    
0.805 0.195 0.925 0.075 
C14:0 0.785 
           
0.785 0.215   
Fructose 
      
0.767 0.675 
    
  0.721 0.279 
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            9C 9HS 
Group  M+0 9C M+0 9HS M+0 M+X M+0 M+X 
Galactose 0.274 0.278 0.435 0.309 0.236 
 
0.514 0.421 0.419 0.292 0.334 
 
0.306 0.694 0.396 0.604 
Glucose 0.754 0.642 0.778 0.790 0.828 
 
0.764 0.396 0.378 0.689 0.697 0.728 0.758 0.242 0.609 0.391 
Inositol, scyllo_21.89 0.489 
           
0.489 0.511   
Inositol, scyllo_22.85 0.829 0.907 0.918 0.880 0.913 0.936 0.809 
     
0.897 0.103 0.809 0.191 
C16:0 0.896 0.860 0.890 0.930 
        
0.894 0.106   
Inositol, myo- 0.916 0.941 0.930 
         
0.929 0.071   
Galactosylglycerol_25.56 0.172 0.241 0.290 0.259 0.230 
 
0.190 0.471 0.215 0.403 0.393 
 
0.238 0.762 0.334 0.666 
Galactosylglycerol_26.05 0.150 0.278 0.244 0.228 
        
0.225 0.775   
Galactosylglycerol_26.45 0.859 0.815 0.860 0.802 0.846 0.859 0.846 
     
0.840 0.160 0.846 0.154 
Monopalmitoylglycerol 0.728 
           
0.728 0.272   
Monohexadecanoylglycerol 0.740 
           
0.740 0.260   
Sucrose 
      
0.616 
     
  0.616 0.384 
Maltose 0.836 0.891 0.891 0.896 
  
0.732 0.727 
    
0.878 0.122 0.729 0.271 
Turanose 0.834 0.895 0.892 
         
0.874 0.126   
Galactinol 0.920 0.921 0.935 
         
0.925 0.075   
Digalactosylglycerol  0.922 0.931 
          
0.926 0.074   
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Table S4.7 Summarised MassHunter output abundance data for Aiptasia symbiont under control (C) and thermal stress 
(HS) conditions at 7 d 
   7C 7HS 
Compound 7C 7HS Mean SE Mean SE 
1-
Monohexadecanoylglycerol  0.0886 0.0975 0.0934 0.0897 0.0764 0.0761 0.0862 0.0738 0.0631 0.0789 0.0864 0.0640 0.0869 0.0036 0.0754 0.0042 
1-
Monooctodecanoylglycerol  0.0331 0.0288 0.0236 0.0324 0.0226 0.0209 0.0375 0.0252 0.0187 0.0284 0.0239 0.0184 0.0269 0.0021 0.0254 0.0029 
Adenosine  0.0013 0.0014 0.0011 0.0012 0.0013 0.0010 0.0013 0.0008 0.0008 0.0008 0.0007 0.0007 0.0012 0.0001 0.0009 0.0001 
C12:0  0.0029 0.0051 0.0063 0.0033 0.0030 0.0069 0.0014 0.0018 0.0018 0.0015 0.0025 0.0016 0.0046 0.0007 0.0017 0.0002 
C14:0  0.0334 0.0525 0.0584 0.0376 0.0348 0.0566 0.0202 0.0238 0.0201 0.0185 0.0308 0.0209 0.0456 0.0047 0.0224 0.0018 
C16:0  0.0969 0.1193 0.1282 0.0937 0.1010 0.1134 0.1164 0.1242 0.1243 0.1172 0.1169 0.1307 0.1088 0.0056 0.1216 0.0023 
C16:1  0.0046 0.0050 0.0065 0.0044 0.0041 0.0047 0.0031 0.0031 0.0033 0.0033 0.0055 0.0039 0.0049 0.0004 0.0037 0.0004 
C18:0  0.0411 0.0552 0.0534 0.0425 0.0387 0.0492 0.0417 0.0406 0.0318 0.0375 0.0488 0.0335 0.0467 0.0028 0.0390 0.0025 
C18:1  0.0007 0.0013 0.0027 0.0010 0.0016 0.0011 0.0018 0.0015 0.0016 0.0016 0.0029 0.0029 0.0014 0.0003 0.0020 0.0003 
C20:0  0.0007 0.0008 0.0007 0.0007 0.0006 0.0008 0.0008 0.0007 0.0005 0.0007 0.0008 0.0006 0.0007 0.0000 0.0007 0.0001 
C22:6  0.0065 0.0041 0.0063 0.0066 0.0066 0.0069 0.0102 0.0068 0.0054 0.0080 0.0095 0.0060 0.0062 0.0004 0.0076 0.0008 
Citrate  0.0012 0.0017 0.0033 0.0014 0.0023 0.0022 0.0022 0.0014 0.0017 0.0018 0.0021 0.0021 0.0020 0.0003 0.0019 0.0001 
Galactose  0.0149 0.0168 0.0165 0.0178 0.0169 0.0140 0.0187 0.0156 0.0219 0.0159 0.0185 0.0142 0.0162 0.0006 0.0174 0.0011 
Galactosylglycerol_25.59 0.0113 0.0112 0.0087 0.0110 0.0082 0.0069 0.0070 0.0083 0.0081 0.0066 0.0065 0.0055 0.0095 0.0008 0.0070 0.0004 
Galactosylglycerol_26.48 0.0388 0.0599 0.0528 0.0361 0.0428 0.0555 0.0313 0.0488 0.0392 0.0267 0.0391 0.0389 0.0476 0.0040 0.0373 0.0031 
Glucose  0.0782 0.0565 0.0841 0.0751 0.0801 0.0813 0.0703 0.0778 0.0842 0.0737 0.0781 0.0719 0.0759 0.0041 0.0760 0.0021 
Hexadecanoic methyl ester 0.0013 0.0016 0.0015 0.0012 0.0012 0.0016 0.0016 0.0013 0.0015 0.0011 0.0014 0.0015 0.0014 0.0001 0.0014 0.0001 
Inositol, scyllo-  0.0008 0.0006 0.0005 0.0008 0.0005 0.0004 0.0027 0.0040 0.0037 0.0033 0.0034 0.0023 0.0006 0.0001 0.0032 0.0003 
Maltose  0.0014 0.0015 0.0014 0.0014 0.0015 0.0013 0.0011 0.0008 0.0007 0.0009 0.0011 0.0007 0.0014 0.0000 0.0009 0.0001 
Monooctadecanoylglycerol  0.0037 0.0039 0.0043 0.0034 0.0028 0.0030 0.0013 0.0011 0.0008 0.0010 0.0013 0.0009 0.0035 0.0002 0.0011 0.0001 
Monopalmitoylglycerol  0.0045 0.0059 0.0053 0.0046 0.0039 0.0040 0.0045 0.0038 0.0032 0.0039 0.0047 0.0033 0.0047 0.0003 0.0039 0.0003 
Turanose  0.0014 0.0015 0.0013 0.0014 0.0013 0.0011 0.0013 0.0011 0.0012 0.0010 0.0012 0.0011 0.0013 0.0001 0.0011 0.0000 
Unknown fatty acid_27.22 0.0011 0.0018 0.0018 0.0011 0.0010 0.0014 0.0006 0.0006 0.0005 0.0006 0.0009 0.0006 0.0014 0.0002 0.0006 0.0001 
Unknown fatty acid_27.59  0.0163 0.0268 0.0277 0.0171 0.0150 0.0207 0.0090 0.0087 0.0081 0.0086 0.0130 0.0088 0.0206 0.0022 0.0094 0.0007 
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Table S4.8 Summarised MassHunter output and symbiont normalised relative abundance data for Aiptasia host under 
control conditions at 7 d 
 
7C 7C 
 
      Mean SE 
12C cells/mg protein  9516387 1E+07 8960805 1E+07 9535342 9270766 9616762 208877 
Fructose  0.0174 0.0190 0.0189 0.0142 0.0008 0.0134 0.0139 0.0028 
Galactose   0.0041 0.0024 0.0140 0.0044 0.0108 0.0031 0.0065 0.0019 
Galactosylglycerol_25.60  0.4529 0.4018 0.4066 0.4083 0.4289 0.3802 0.4131 0.0102 
Galactosylglycerol_26.48  0.0059 0.0057 0.0057 0.0068 0.0054 0.0047 0.0057 0.0003 
Glucose  0.1349 0.0825 0.1229 0.1216 0.1994 0.0955 0.1261 0.0167 
Glutamate  0.0007 0.0011 0.0014 0.0009 0.0007 0.0011 0.0010 0.0001 
Glycerol  0.0275 0.0229 0.0244 0.0220 0.0213 0.0218 0.0233 0.0009 
Inositol, myo-  0.0073 0.0057 0.0044 0.0056 0.0057 0.0028 0.0052 0.0006 
Inositol, scyllo-  0.0448 0.0373 0.0356 0.0400 0.0395 0.0374 0.0391 0.0013 
Maltose  0.0304 0.0216 0.0280 0.0460 0.0494 0.0266 0.0337 0.0046 
Pyroglutamate   0.0024 0.0015 0.0011 0.0053 0.0005 0.0015 0.0020 0.0007 
         
         Symbiont normalised Mean SE 
12C cells/mg protein  9516387 1E+07 8960805 1E+07 9535342 9270766 9616762 208877 
Fructose  1.8E-09 1.9E-09 2.1E-09 1.4E-09 8.2E-11 1.4E-09 1.5E-09 3E-10 
Galactose   4.4E-10 2.4E-10 1.6E-09 4.2E-10 1.1E-09 3.4E-10 6.9E-10 2.2E-10 
Galactosylglycerol_25.60  4.8E-08 4E-08 4.5E-08 3.9E-08 4.5E-08 4.1E-08 4.3E-08 1.4E-09 
Galactosylglycerol_26.48  6.2E-10 5.7E-10 6.4E-10 6.6E-10 5.7E-10 5E-10 5.9E-10 2.3E-11 
Glucose  1.4E-08 8.2E-09 1.4E-08 1.2E-08 2.1E-08 1E-08 1.3E-08 1.8E-09 
Glutamate  7.8E-11 1.1E-10 1.6E-10 9.1E-11 7.3E-11 1.2E-10 1.1E-10 1.3E-11 
Glycerol  2.9E-09 2.3E-09 2.7E-09 2.1E-09 2.2E-09 2.4E-09 2.4E-09 1.2E-10 
Inositol, myo-  7.6E-10 5.7E-10 4.9E-10 5.4E-10 5.9E-10 3E-10 5.4E-10 6.1E-11 
Inositol, scyllo-  4.7E-09 3.7E-09 4E-09 3.9E-09 4.1E-09 4E-09 4.1E-09 1.4E-10 
Maltose  3.2E-09 2.1E-09 3.1E-09 4.4E-09 5.2E-09 2.9E-09 3.5E-09 4.5E-10 
Pyroglutamate   2.5E-10 1.4E-10 1.2E-10 5.1E-10 5.4E-11 1.6E-10 2.1E-10 6.6E-11 
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Table S4.9 Summarised MassHunter output and symbiont normalised relative abundance data for Aiptasia host under 
heat stress conditions at 7 d 
 
7HS 7HS 
 
      Mean SE 
12C cells/mg protein  3714115 5887214 5325545 4006971 4585953 5832258 4892009 379774 
Fructose  0.0127 0.0147 0.0025 0.0120 0.0147 0.0094 0.0110 0.0019 
Galactose   0.0013 0.0030 0.0077 0.0031 0.0018 0.0132 0.0050 0.0019 
Galactosylglycerol_25.60  0.1852 0.2855 0.2944 0.2391 0.1999 0.2485 0.2421 0.0180 
Galactosylglycerol_26.48  0.0039 0.0059 0.0080 0.0066 0.0036 0.0048 0.0055 0.0007 
Glucose  0.0359 0.0891 0.1376 0.0783 0.0597 0.1020 0.0838 0.0143 
Glutamate  0.0004 0.0009 0.0011 0.0012 0.0008 0.0013 0.0010 0.0001 
Glycerol  0.0124 0.0198 0.0225 0.0162 0.0144 0.0204 0.0176 0.0016 
Inositol, myo-  0.0041 0.0039 0.0034 0.0032 0.0043 0.0041 0.0038 0.0002 
Inositol, scyllo-  0.2069 0.2687 0.2642 0.2673 0.2233 0.2712 0.2503 0.0113 
Maltose  0.0055 0.0146 0.0125 0.0158 0.0074 0.0135 0.0115 0.0017 
Pyroglutamate   0.0057 0.0029 0.0077 0.0071 0.0014 0.0044 0.0049 0.0010 
         
         Symbiont normalised Mean SE 
12C cells/mg protein  3714115 5887214 5325545 4006971 4585953 5832258 4892009 379774 
Fructose  3.42E-09 2.5E-09 4.7E-10 2.99E-09 3.21E-09 1.62E-09 2.4E-09 4.6E-10 
Galactose   3.58E-10 5.17E-10 1.44E-09 7.67E-10 3.85E-10 2.26E-09 9.5E-10 3.1E-10 
Galactosylglycerol_25.60  4.99E-08 4.85E-08 5.53E-08 5.97E-08 4.36E-08 4.26E-08 5E-08 2.7E-09 
Galactosylglycerol_26.48  1.05E-09 1E-09 1.5E-09 1.65E-09 7.84E-10 8.15E-10 1.1E-09 1.5E-10 
Glucose  9.66E-09 1.51E-08 2.58E-08 1.95E-08 1.3E-08 1.75E-08 1.7E-08 2.3E-09 
Glutamate  1.17E-10 1.51E-10 2.09E-10 2.99E-10 1.81E-10 2.23E-10 2E-10 2.6E-11 
Glycerol  3.33E-09 3.37E-09 4.23E-09 4.03E-09 3.15E-09 3.5E-09 3.6E-09 1.8E-10 
Inositol, myo-  1.09E-09 6.56E-10 6.47E-10 8.07E-10 9.44E-10 7.04E-10 8.1E-10 7.3E-11 
Inositol, scyllo-  5.57E-08 4.56E-08 4.96E-08 6.67E-08 4.87E-08 4.65E-08 5.2E-08 3.3E-09 
Maltose  1.48E-09 2.48E-09 2.35E-09 3.93E-09 1.62E-09 2.31E-09 2.4E-09 3.6E-10 
Pyroglutamate   1.53E-09 4.85E-10 1.45E-09 1.78E-09 3.05E-10 7.51E-10 1.1E-09 2.5E-10 
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Table S4.10 Summarised MassHunter output abundance data for A. aspera symbiont under control (C) and thermal stress 
(HS) conditions at 6 d 
Group              6C 6HS 
Sample  6C 6HS Mean SE Mean SE 
C12:0  0.0009 0.0011 0.0007 0.0012 0.0010 0.0007 0.0048 0.0080 0.0073 0.0041 0.0040 0.0046 0.0009 0.0001 0.0055 0.0007 
C14:0  0.0099 0.0175 0.0118 0.0177 0.0169 0.0106 0.0495 0.0662 0.0693 0.0539 0.0415 0.0496 0.0141 0.0015 0.0550 0.0044 
C16:0  0.0691 0.0915 0.0852 0.0904 0.0974 0.0839 0.1365 0.1322 0.1445 0.1255 0.1298 0.1751 0.0863 0.0040 0.1406 0.0074 
C18:0  0.0093 0.0123 0.0122 0.0104 0.0264 0.0125 0.0219 0.0125 0.0183 0.0168 0.0121 0.0220 0.0138 0.0026 0.0173 0.0018 
C18:1  0.0022 0.0041 0.0033 0.0042 0.0042 0.0018 0.0134 0.0118 0.0145 0.0235 0.0107 0.0172 0.0033 0.0004 0.0152 0.0019 
C20:0 0.0016 0.0022 0.0017 0.0012 0.0011 0.0016 0.0016 0.0011 0.0013 0.0009 0.0006 0.0010 0.0016 0.0002 0.0011 0.0001 
C20:5 0.0202 0.0328 0.0292 0.0313 0.0368 0.0297 0.0461 0.0442 0.0488 0.0564 0.0475 0.0699 0.0300 0.0022 0.0522 0.0039 
C22:6  0.0133 0.0241 0.0208 0.0135 0.0229 0.0148 0.0200 0.0146 0.0191 0.0236 0.0099 0.0176 0.0182 0.0020 0.0175 0.0019 
Cellotriose 0.0106 0.0007 0.0010 0.0027 0.0031 0.0028 0.0019 0.0001 0.0001 0.0063 0.0035 0.0056 0.0035 0.0015 0.0029 0.0011 
Galactose  0.0159 0.0161 0.0056 0.0078 0.0132 0.0045 0.0385 0.0189 0.0110 0.0138 0.0147 0.0140 0.0105 0.0021 0.0185 0.0041 
Galactosylglycerol  0.0581 0.0487 0.0345 0.0411 0.0346 0.0402 0.0772 0.0259 0.0175 0.0233 0.0318 0.0301 0.0429 0.0037 0.0343 0.0088 
Glucose  0.0229 0.0107 0.0056 0.0074 0.0072 0.0043 0.0501 0.0121 0.0071 0.0189 0.0268 0.0184 0.0097 0.0028 0.0222 0.0062 
Glycerol  0.0083 0.0165 0.0004 0.0136 0.0144 0.0095 0.0325 0.0358 0.0344 0.0398 0.0203 0.0271 0.0104 0.0024 0.0316 0.0028 
Maltotriose  0.0070 0.0186 0.0082 0.0061 0.0136 0.0030 0.0216 0.0020 0.0013 0.0057 0.0032 0.0057 0.0094 0.0023 0.0066 0.0031 
Monohexadecanoylglycerol 0.0155 0.0233 0.0180 0.0228 0.0258 0.0161 0.0531 0.0578 0.0588 0.0647 0.0411 0.0598 0.0203 0.0018 0.0559 0.0033 
Monolinoleoylglycerol 0.0035 0.0067 0.0061 0.0051 0.0102 0.0034 0.0129 0.0158 0.0172 0.0095 0.0102 0.0151 0.0059 0.0010 0.0135 0.0013 
Monopalmitoylglycerol  0.0021 0.0027 0.0016 0.0023 0.0024 0.0011 0.0049 0.0041 0.0040 0.0045 0.0029 0.0043 0.0020 0.0002 0.0041 0.0003 
Unknown sugar_38.7 0.0015 0.0047 0.0042 0.0053 0.0077 0.0075 0.0041 0.0034 0.0032 0.0092 0.0049 0.0096 0.0052 0.0009 0.0057 0.0012 
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Table S4.11 Summarised MassHunter output abundance data for A. aspera symbiont under control (C) and thermal stress 
(HS) conditions at 9 d 
Group  9C 9HS 9C 9HS 
Sample  
 
           Mean SE Mean SE 
C12:0  0.0015 0.0012 0.0006 0.0007 0.0010 0.0011 0.0047 0.0104 0.0114 0.0037 0.0034 0.0051 0.0010 0.0001 0.0065 0.0014 
C14:0  0.0137 0.0184 0.0090 0.0109 0.0144 0.0172 0.0450 0.0647 0.0701 0.0462 0.0362 0.0531 0.0139 0.0015 0.0526 0.0052 
C16:0  0.0709 0.0938 0.0568 0.0649 0.0918 0.1099 0.1325 0.1269 0.1202 0.1271 0.1895 0.2000 0.0813 0.0083 0.1494 0.0145 
C18:0  0.0091 0.0100 0.0105 0.0079 0.0108 0.0122 0.0192 0.0160 0.0146 0.0178 0.0184 0.0203 0.0101 0.0006 0.0177 0.0009 
C18:1  0.0015 0.0048 0.0025 0.0027 0.0038 0.0032 0.0140 0.0063 0.0051 0.0217 0.0155 0.0224 0.0031 0.0005 0.0142 0.0030 
C20:0 0.0010 0.0017 0.0014 0.0015 0.0017 0.0013 0.0012 0.0010 0.0008 0.0010 0.0009 0.0009 0.0014 0.0001 0.0010 0.0001 
C20:5 0.0084 0.0311 0.0266 0.0205 0.0321 0.0290 0.0402 0.0329 0.0313 0.0445 0.0541 0.0594 0.0246 0.0036 0.0437 0.0046 
C22:6  0.0047 0.0228 0.0175 0.0136 0.0180 0.0135 0.0169 0.0110 0.0091 0.0184 0.0164 0.0162 0.0150 0.0025 0.0147 0.0015 
Cellotriose 0.0000 0.0002 0.0004 0.0018 0.0019 0.0019 0.0019 0.0000 0.0000 0.0030 0.0024 0.0039 0.0010 0.0004 0.0019 0.0006 
Galactose  0.0154 0.0078 0.0114 0.0082 0.0067 0.0059 0.0215 0.0057 0.0065 0.0125 0.0058 0.0068 0.0092 0.0015 0.0098 0.0026 
Galactosyl-
glycerol  0.0858 0.0294 0.0317 0.0326 0.0468 0.0481 0.0483 0.0148 0.0135 0.0138 0.0202 0.0324 0.0457 0.0087 0.0238 0.0057 
Glucose  0.0263 0.0092 0.0083 0.0081 0.0061 0.0051 0.0445 0.0079 0.0096 0.0359 0.0330 0.0529 0.0105 0.0032 0.0306 0.0075 
Glycerol  0.0119 0.0156 0.0146 0.0102 0.0109 0.0109 0.0282 0.0223 0.0236 0.0230 0.0161 0.0225 0.0124 0.0009 0.0226 0.0016 
Maltotriose  0.0031 0.0048 0.0119 0.0042 0.0147 0.0066 0.0116 0.0007 0.0006 0.0025 0.0022 0.0024 0.0075 0.0019 0.0033 0.0017 
Monohexa-
decanoylglycerol 0.0137 0.0278 0.0114 0.0181 0.0234 0.0240 0.0555 0.0385 0.0368 0.0648 0.0492 0.0746 0.0197 0.0026 0.0532 0.0061 
Monolinol-
eoylglycerol 0.0008 0.0061 0.0046 0.0021 0.0043 0.0056 0.0113 0.0103 0.0106 0.0060 0.0074 0.0121 0.0039 0.0008 0.0096 0.0010 
Monopalmit-
oylglycerol  0.0017 0.0029 0.0033 0.0025 0.0038 0.0029 0.0047 0.0028 0.0027 0.0043 0.0030 0.0053 0.0028 0.0003 0.0038 0.0005 
Unknown 
sugar_38.7 0.0014 0.0024 0.0019 0.0028 0.0032 0.0060 0.0032 0.0013 0.0009 0.0044 0.0075 0.0091 0.0030 0.0007 0.0044 0.0014 
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Table S4.12 Summarised MassHunter output relative abundance data for A. aspera host under heat stress conditions at 6 
d 
 6C 6HS 6C 6HS 
Sample              Mean SE Mean SE 
Counts x 106 
5.28 4.90 5.53 4.20 4.78 5.26 3.73 2.46 2.43 2.75 3.62 3.16 4.99 0.19 3.02 0.23 
Butyrate 0.0021 0.0021 0.0018 0.0042 0.0021 0.0020 0.0016 0.0011 0.0022 0.0035 0.0037 0.0028 0.0024 0.0004 0.0025 0.0004 
C12:0  0.0029 0.0020 0.0021 0.0049 0.0026 0.0012 0.0018 0.0015 0.0032 0.0061 0.0078 0.0041 0.0026 0.0005 0.0041 0.0010 
C14:0  0.0049 0.0051 0.0045 0.0108 0.0062 0.0032 0.0032 0.0026 0.0052 0.0071 0.0077 0.0042 0.0058 0.0011 0.0050 0.0008 
C14:4  0.0040 0.0033 0.0055 0.0047 0.0030 0.0025 0.0053 0.0013 0.0033 0.0052 0.0064 0.0071 0.0038 0.0005 0.0048 0.0009 
C16:0  0.0156 0.0106 0.0102 0.0259 0.0180 0.0112 0.0057 0.0086 0.0087 0.0177 0.0208 0.0099 0.0152 0.0025 0.0119 0.0024 
Diaminovalerol
actum  0.0086 0.0122 0.0124 0.0153 0.0147 0.0066 0.0119 0.0125 0.0129 0.0168 0.0186 0.0100 0.0116 0.0014 0.0138 0.0013 
Digalactosylgly
cerol  0.0004 0.0005 0.0003 0.0006 0.0008 0.0005 0.0004 0.0001 0.0005 0.0002 0.0003 0.0006 0.0005 0.0001 0.0003 0.0001 
Erythronate 0.0014 0.0030 0.0012 0.0018 0.0022 0.0051 0.0013 0.0010 0.0012 0.0011 0.0010 0.0030 0.0025 0.0006 0.0014 0.0003 
Fructose  0.0005 0.0002 0.0003 0.0005 0.0005 0.0002 0.0004 0.0002 0.0005 0.0003 0.0003 0.0015 0.0004 0.0001 0.0005 0.0002 
Galactinol  0.0013 0.0011 0.0006 0.0006 0.0010 0.0025 0.0019 0.0006 0.0010 0.0007 0.0013 0.0027 0.0012 0.0003 0.0014 0.0003 
Galactose  0.0352 0.0275 0.0350 0.0349 0.0505 0.0232 0.0573 0.0451 0.0371 0.0375 0.0405 0.0285 0.0344 0.0038 0.0410 0.0039 
Galactosylglyc
erol_25.60 0.1374 0.1658 0.1447 0.2209 0.1480 0.1015 0.0546 0.0670 0.0596 0.0917 0.0599 0.0478 0.1531 0.0161 0.0634 0.0062 
Galactosylglyc
erol_26.05 0.0081 0.0103 0.0065 0.0099 0.0081 0.0051 0.0025 0.0023 0.0024 0.0037 0.0024 0.0019 0.0080 0.0008 0.0025 0.0003 
Galactosylglyc
erol_26.45 0.0014 0.0033 0.0022 0.0025 0.0021 0.0016 0.0012 0.0021 0.0017 0.0022 0.0021 0.0012 0.0022 0.0003 0.0018 0.0002 
Glucose  0.1157 0.0460 0.0642 0.0829 0.0732 0.0446 0.1000 0.1116 0.1146 0.0726 0.0917 0.0849 0.0711 0.0108 0.0959 0.0066 
Glutamate_16.
758  0.0044 0.0024 0.0015 0.0005 0.0022 0.0026 0.0038 0.0008 0.0007 0.0008 0.0018 0.0027 0.0023 0.0005 0.0018 0.0005 
Glutarate_17.1
96  0.0072 0.0064 0.0053 0.0052 0.0069 0.0122 0.0081 0.0019 0.0031 0.0060 0.0052 0.0162 0.0072 0.0011 0.0068 0.0021 
Glycerate  0.0006 0.0007 0.0004 0.0005 0.0006 0.0009 0.0004 0.0003 0.0003 0.0005 0.0005 0.0007 0.0006 0.0001 0.0004 0.0001 
Glycerol  0.0173 0.0171 0.0198 0.0282 0.0294 0.0090 0.0117 0.0133 0.0221 0.0142 0.0156 0.0193 0.0201 0.0031 0.0160 0.0016 
Inositol, 
myo_21.89  0.0004 0.0002 0.0002 0.0003 0.0002 0.0002 0.0031 0.0006 0.0005 0.0007 0.0008 0.0006 0.0003 0.0000 0.0011 0.0004 
Inositol, scyllo-
_22.86  0.0005 0.0000 0.0006 0.0006 0.0003 0.0000 0.0001 0.0009 0.0002 0.0008 0.0007 0.0001 0.0003 0.0001 0.0005 0.0002 
Maltose  0.0038 0.0194 0.0098 0.0043 0.0092 0.0082 0.0050 0.0040 0.0024 0.0043 0.0148 0.0052 0.0091 0.0023 0.0060 0.0018 
Monohexadeca
noylglycerol 0.0046 0.0060 0.0037 0.0206 0.0085 0.0028 0.0011 0.0004 0.0041 0.0061 0.0128 0.0072 0.0077 0.0027 0.0053 0.0018 
Monopalmitoyl
glycerol 0.0007 0.0011 0.0009 0.0030 0.0017 0.0005 0.0003 0.0001 0.0007 0.0012 0.0025 0.0014 0.0013 0.0004 0.0010 0.0003 
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 6C 6HS 6C 6HS 
Sample              Mean SE Mean SE 
Proline  0.0020 0.0011 0.0021 0.0023 0.0016 0.0008 0.0017 0.0009 0.0013 0.0023 0.0021 0.0014 0.0016 0.0002 0.0016 0.0002 
Ribitol  0.0010 0.0012 0.0011 0.0009 0.0008 0.0006 0.0009 0.0011 0.0008 0.0009 0.0008 0.0007 0.0009 0.0001 0.0009 0.0001 
Ribose  0.0009 0.0006 0.0007 0.0005 0.0008 0.0005 0.0019 0.0007 0.0007 0.0009 0.0011 0.0009 0.0007 0.0001 0.0010 0.0002 
Serine  0.0014 0.0004 0.0004 0.0007 0.0015 0.0010 0.0015 0.0009 0.0011 0.0015 0.0015 0.0003 0.0009 0.0002 0.0011 0.0002 
Turanose 0.0010 0.0042 0.0019 0.0009 0.0017 0.0019 0.0012 0.0009 0.0008 0.0009 0.0030 0.0014 0.0020 0.0005 0.0014 0.0003 
unknown 
sugar_16.18  0.0029 0.0028 0.0028 0.0080 0.0027 0.0024 0.0017 0.0029 0.0031 0.0058 0.0046 0.0024 0.0036 0.0009 0.0034 0.0006 
unknown 
sugar_16.496  0.0009 0.0009 0.0009 0.0024 0.0008 0.0008 0.0005 0.0009 0.0010 0.0018 0.0014 0.0008 0.0011 0.0003 0.0011 0.0002 
 
 
Table S4.13 Summarised MassHunter output relative abundance normalised to symbiont density for A. aspera host under 
heat stress conditions at 6 d 
 Relative abundance (x10-9) 6C 6HS 
Sample     6C    6HS  Mean SE Mean SE 
Butyrate 0.41 0.43 0.32 0.99 0.43 0.38 0.42 0.46 0.90 1.26 1.03 0.87 0.49 0.10 0.82 0.13 
C12:0  0.54 0.42 0.37 1.16 0.55 0.22 0.47 0.59 1.30 2.23 2.16 1.29 0.54 0.13 1.34 0.30 
C14:0  0.92 1.05 0.80 2.58 1.30 0.60 0.85 1.07 2.14 2.58 2.13 1.32 1.21 0.29 1.68 0.28 
C14:4  0.76 0.67 1.00 1.13 0.64 0.47 1.42 0.53 1.34 1.91 1.78 2.26 0.78 0.10 1.54 0.24 
C16:0  2.95 2.17 1.84 6.15 3.76 2.12 1.52 3.51 3.56 6.46 5.73 3.15 3.17 0.66 3.99 0.74 
Diaminovalerolactum  1.62 2.49 2.24 3.64 3.07 1.25 3.20 5.09 5.32 6.14 5.14 3.17 2.39 0.36 4.68 0.50 
Digalactosylglycerol  0.07 0.11 0.06 0.15 0.16 0.09 0.10 0.04 0.20 0.07 0.08 0.19 0.11 0.02 0.11 0.03 
Erythronate 0.27 0.61 0.23 0.44 0.46 0.97 0.36 0.40 0.50 0.41 0.28 0.96 0.50 0.11 0.48 0.10 
Fructose  0.09 0.05 0.05 0.12 0.10 0.05 0.11 0.10 0.20 0.10 0.10 0.46 0.08 0.01 0.18 0.06 
Galactinol  0.25 0.23 0.10 0.14 0.21 0.47 0.52 0.23 0.41 0.26 0.36 0.86 0.23 0.05 0.44 0.09 
Galactose  6.66 5.60 6.33 8.30 10.57 4.40 15.38 18.34 15.26 13.66 11.18 9.03 6.98 0.89 13.81 1.35 
Galactosylglycerol_25.60 26.01 33.84 26.15 52.53 30.98 19.30 14.66 27.25 24.53 33.39 16.53 15.15 31.47 4.68 21.92 3.13 
Galactosylglycerol_26.05 1.54 2.10 1.17 2.36 1.69 0.97 0.67 0.94 1.00 1.35 0.66 0.59 1.64 0.22 0.87 0.12 
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 Relative abundance (x10-9) 6C 6HS 
Sample     6C    6HS  Mean SE Mean SE 
Galactosylglycerol_26.45 0.27 0.67 0.40 0.59 0.45 0.31 0.32 0.83 0.71 0.80 0.59 0.38 0.45 0.06 0.61 0.09 
Glucose  21.89 9.39 11.61 19.72 15.33 8.48 26.85 45.39 47.15 26.44 25.31 26.92 14.40 2.26 33.01 4.21 
Glutamate_16.758  0.83 0.49 0.27 0.11 0.47 0.49 1.02 0.33 0.28 0.28 0.49 0.87 0.44 0.10 0.54 0.13 
Glutarate_17.196  1.36 1.31 0.96 1.24 1.45 2.32 2.17 0.77 1.29 2.20 1.44 5.14 1.44 0.19 2.17 0.64 
Glycerate  0.11 0.15 0.08 0.12 0.12 0.17 0.11 0.13 0.13 0.17 0.13 0.22 0.12 0.01 0.15 0.02 
Glycerol  3.28 3.49 3.58 6.71 6.16 1.70 3.13 5.42 9.11 5.18 4.32 6.10 4.15 0.78 5.54 0.83 
Inositol, myo_21.89  0.08 0.04 0.04 0.07 0.04 0.05 0.84 0.23 0.22 0.27 0.23 0.19 0.05 0.01 0.33 0.10 
Inositol, scyllo-_22.86  0.10 0.00 0.11 0.14 0.06 0.00 0.02 0.37 0.10 0.31 0.20 0.02 0.07 0.02 0.17 0.06 
Maltose  0.72 3.95 1.77 1.02 1.92 1.55 1.34 1.64 1.01 1.57 4.08 1.66 1.82 0.46 1.88 0.45 
Monohexadecanoylglycerol 0.86 1.23 0.67 4.91 1.78 0.54 0.30 0.18 1.70 2.22 3.53 2.29 1.66 0.67 1.70 0.52 
Monopalmitoylglycerol 0.14 0.23 0.17 0.72 0.36 0.09 0.08 0.05 0.31 0.44 0.68 0.44 0.29 0.09 0.33 0.10 
Proline  0.37 0.22 0.37 0.54 0.34 0.15 0.45 0.37 0.54 0.85 0.58 0.46 0.33 0.06 0.54 0.07 
Ribitol  0.19 0.24 0.19 0.22 0.17 0.12 0.25 0.46 0.34 0.32 0.22 0.21 0.19 0.02 0.30 0.04 
Ribose  0.17 0.12 0.13 0.13 0.17 0.09 0.50 0.28 0.27 0.33 0.30 0.29 0.13 0.01 0.33 0.04 
Serine  0.27 0.08 0.08 0.17 0.31 0.18 0.39 0.35 0.45 0.55 0.41 0.10 0.18 0.04 0.38 0.06 
Turanose 0.20 0.86 0.35 0.22 0.36 0.36 0.33 0.35 0.32 0.33 0.84 0.45 0.39 0.10 0.44 0.08 
unknown sugar_16.18  0.54 0.57 0.51 1.89 0.56 0.46 0.45 1.17 1.27 2.12 1.27 0.77 0.76 0.23 1.17 0.23 
unknown sugar_16.496  0.17 0.18 0.16 0.57 0.17 0.15 0.15 0.36 0.40 0.65 0.38 0.26 0.24 0.07 0.37 0.07 
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Table S4.14 Summarised MassHunter output relative abundance data for A. aspera host under heat stress conditions at 9 
d 
             9C 9HS 
Sample  9C 9HS Mean SE Mean SE 
Counts x106 4.47 4.99 4.66 3.77 4.10 5.51 2.46 0.83 0.54 1.14 1.90 1.70 4.58 0.25 1.43 0.29 
Butyrate 0.0021 0.0030 0.0025 0.0024 0.0020 0.0020 0.0017 0.0020 0.0025 0.0022 0.0029 0.0029 0.0023 0.0002 0.0024 0.0002 
C12:0  0.0031 0.0043 0.0032 0.0020 0.0020 0.0009 0.0020 0.0035 0.0021 0.0016 0.0095 0.0025 0.0026 0.0005 0.0035 0.0012 
C14:0  0.0044 0.0089 0.0073 0.0039 0.0044 0.0020 0.0042 0.0045 0.0035 0.0025 0.0050 0.0032 0.0052 0.0010 0.0038 0.0004 
C14:4  0.0038 0.0030 0.0038 0.0028 0.0036 0.0079 0.0030 0.0032 0.0010 0.0035 0.0062 0.0023 0.0042 0.0008 0.0032 0.0007 
C16:0  0.0117 0.0220 0.0209 0.0087 0.0144 0.0061 0.0120 0.0109 0.0098 0.0112 0.0161 0.0097 0.0140 0.0026 0.0116 0.0010 
Diaminovalerolac
tum  0.0103 0.0126 0.0152 0.0081 0.0148 0.0088 0.0115 0.0084 0.0116 0.0081 0.0195 0.0087 0.0116 0.0012 0.0113 0.0018 
Digalactosylglyce
rol  0.0002 0.0002 0.0003 0.0002 0.0004 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001 0.0002 0.0002 0.0000 0.0001 0.0000 
Erythronate 0.0018 0.0022 0.0016 0.0022 0.0013 0.0010 0.0011 0.0008 0.0007 0.0008 0.0004 0.0011 0.0017 0.0002 0.0008 0.0001 
Fructose  0.0003 0.0002 0.0002 0.0002 0.0003 0.0004 0.0004 0.0004 0.0002 0.0003 0.0004 0.0002 0.0003 0.0000 0.0003 0.0000 
Galactinol  0.0006 0.0003 0.0004 0.0010 0.0009 0.0009 0.0007 0.0002 0.0001 0.0003 0.0003 0.0005 0.0007 0.0001 0.0004 0.0001 
Galactose  0.0298 0.0294 0.0253 0.0148 0.0348 0.0361 0.0433 0.0116 0.0092 0.0324 0.0329 0.0281 0.0284 0.0032 0.0263 0.0054 
Galactosylglycero
l_25.60 0.1669 0.2163 0.1841 0.1586 0.1918 0.1650 0.0334 0.0200 0.0167 0.0448 0.0469 0.0549 0.1804 0.0088 0.0361 0.0063 
Galactosylglycero
l_26.05 0.0094 0.0114 0.0097 0.0083 0.0095 0.0077 0.0013 0.0007 0.0007 0.0016 0.0017 0.0022 0.0094 0.0005 0.0014 0.0002 
Galactosylglycero
l_26.45 0.0013 0.0025 0.0030 0.0019 0.0023 0.0016 0.0012 0.0024 0.0025 0.0022 0.0018 0.0015 0.0021 0.0003 0.0019 0.0002 
Glucose  0.1024 0.0458 0.0518 0.0439 0.0724 0.0658 0.0847 0.1232 0.1142 0.0555 0.0984 0.0689 0.0637 0.0090 0.0908 0.0107 
Glutamate_16.75
8  0.0051 0.0013 0.0006 0.0007 0.0015 0.0027 0.0036 0.0008 0.0001 0.0012 0.0010 0.0011 0.0020 0.0007 0.0013 0.0005 
Glutarate_17.196  0.0074 0.0055 0.0037 0.0060 0.0069 0.0128 0.0076 0.0067 0.0029 0.0061 0.0066 0.0052 0.0070 0.0013 0.0059 0.0007 
Glycerate  0.0006 0.0005 0.0004 0.0004 0.0004 0.0004 0.0004 0.0002 0.0002 0.0003 0.0002 0.0003 0.0005 0.0000 0.0003 0.0000 
Glycerol  0.0145 0.0147 0.0180 0.0120 0.0192 0.0177 0.0104 0.0142 0.0147 0.0087 0.0227 0.0155 0.0160 0.0011 0.0144 0.0020 
Inositol, 
myo_21.89  0.0004 0.0002 0.0002 0.0002 0.0002 0.0002 0.0023 0.0006 0.0007 0.0006 0.0009 0.0008 0.0002 0.0000 0.0010 0.0003 
Inositol, scyllo-
_22.86  0.0007 0.0005 0.0003 0.0001 0.0006 0.0004 0.0004 0.0007 0.0003 0.0006 0.0013 0.0001 0.0004 0.0001 0.0005 0.0002 
Maltose  0.0009 0.0147 0.0171 0.0079 0.0149 0.0049 0.0015 0.0007 0.0011 0.0012 0.0036 0.0050 0.0101 0.0026 0.0022 0.0007 
Monohexadecan
oylglycerol 0.0041 0.0116 0.0120 0.0020 0.0024 0.0011 0.0006 0.0011 0.0008 0.0008 0.0029 0.0072 0.0056 0.0020 0.0022 0.0010 
Monopalmitoylgly
cerol 0.0010 0.0019 0.0030 0.0004 0.0007 0.0004 0.0003 0.0003 0.0002 0.0003 0.0006 0.0013 0.0012 0.0004 0.0005 0.0002 
Proline  0.0016 0.0015 0.0017 0.0012 0.0019 0.0025 0.0015 0.0014 0.0008 0.0016 0.0030 0.0011 0.0017 0.0002 0.0016 0.0003 
Ribitol  0.0008 0.0009 0.0011 0.0008 0.0009 0.0008 0.0008 0.0008 0.0008 0.0008 0.0010 0.0007 0.0009 0.0000 0.0008 0.0000 
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             9C 9HS 
Sample  9C 9HS Mean SE Mean SE 
Ribose  0.0010 0.0006 0.0008 0.0005 0.0011 0.0010 0.0015 0.0004 0.0003 0.0006 0.0008 0.0004 0.0008 0.0001 0.0007 0.0002 
Serine  0.0012 0.0006 0.0006 0.0003 0.0010 0.0008 0.0025 0.0024 0.0021 0.0024 0.0015 0.0013 0.0007 0.0001 0.0021 0.0002 
Turanose 0.0004 0.0026 0.0031 0.0018 0.0025 0.0011 0.0005 0.0003 0.0003 0.0003 0.0007 0.0013 0.0019 0.0004 0.0006 0.0002 
unknown 
sugar_16.18  0.0024 0.0056 0.0040 0.0035 0.0033 0.0023 0.0015 0.0028 0.0032 0.0033 0.0053 0.0035 0.0035 0.0005 0.0033 0.0005 
unknown 
sugar_16.496  0.0007 0.0017 0.0012 0.0011 0.0010 0.0008 0.0004 0.0009 0.0010 0.0010 0.0016 0.0012 0.0011 0.0001 0.0010 0.0002 
 
 
Table S4.15 Summarised MassHunter output relative abundance normalised to symbiont density for A. aspera host under 
heat stress conditions at 9 d 
 Relative abundance (x10-9) 9C 9HS 
Sample  9C 9HS Mean SE Mean SE 
Butyrate 0.47 0.60 0.54 0.63 0.50 0.37 0.67 2.44 4.56 1.90 1.50 1.70 0.52 0.04 2.13 0.54 
C12:0  0.70 0.86 0.68 0.54 0.48 0.16 0.81 4.17 3.80 1.37 4.98 1.47 0.57 0.10 2.77 0.72 
C14:0  0.99 1.79 1.57 1.03 1.07 0.36 1.69 5.39 6.51 2.20 2.62 1.90 1.13 0.20 3.38 0.83 
C14:4  0.86 0.60 0.81 0.74 0.89 1.43 1.21 3.79 1.91 3.03 3.23 1.32 0.89 0.12 2.42 0.44 
C16:0  2.62 4.41 4.49 2.30 3.51 1.11 4.90 13.12 17.92 9.85 8.48 5.67 3.07 0.54 9.99 2.00 
Diaminovalerolactum  2.31 2.53 3.26 2.15 3.61 1.60 4.66 10.11 21.34 7.11 10.24 5.09 2.58 0.30 9.76 2.51 
Digalactosylglycerol  0.05 0.04 0.06 0.05 0.09 0.02 0.09 0.10 0.12 0.13 0.06 0.15 0.05 0.01 0.11 0.01 
Erythronate 0.41 0.44 0.35 0.59 0.31 0.19 0.44 0.95 1.27 0.70 0.23 0.67 0.38 0.05 0.71 0.15 
Fructose  0.07 0.05 0.05 0.05 0.08 0.08 0.16 0.52 0.36 0.23 0.19 0.14 0.06 0.01 0.27 0.06 
Galactinol  0.14 0.06 0.08 0.26 0.23 0.16 0.29 0.20 0.27 0.25 0.16 0.31 0.15 0.03 0.25 0.02 
Galactose  6.67 5.89 5.43 3.92 8.50 6.55 17.58 13.97 16.94 28.41 17.30 16.48 6.16 0.62 18.45 2.06 
Galactosylglycerol_25.60 37.37 43.34 39.53 42.05 46.80 29.91 13.56 24.06 30.57 39.28 24.63 32.25 39.83 2.38 27.39 3.58 
Galactosylglycerol_26.05 2.11 2.29 2.09 2.21 2.32 1.40 0.55 0.84 1.25 1.43 0.91 1.27 2.07 0.14 1.04 0.14 
Galactosylglycerol_26.45 0.28 0.51 0.64 0.51 0.56 0.30 0.48 2.84 4.66 1.90 0.96 0.90 0.47 0.06 1.96 0.64 
Glucose  22.92 9.19 11.12 11.64 17.68 11.93 34.42 148.07 209.76 48.69 51.65 40.45 14.08 2.12 88.84 29.68 
Glutamate_16.758  1.13 0.27 0.14 0.17 0.37 0.49 1.45 0.90 0.25 1.07 0.50 0.63 0.43 0.15 0.80 0.18 
Glutarate_17.196  1.65 1.11 0.80 1.58 1.68 2.32 3.09 8.05 5.35 5.33 3.49 3.06 1.52 0.21 4.73 0.79 
Glycerate  0.14 0.10 0.08 0.12 0.10 0.07 0.14 0.29 0.34 0.25 0.12 0.18 0.10 0.01 0.22 0.04 
Glycerol  3.24 2.94 3.87 3.19 4.70 3.21 4.23 17.03 26.97 7.59 11.90 9.11 3.52 0.27 12.81 3.33 
Inositol, myo_21.89  0.08 0.04 0.04 0.05 0.05 0.04 0.94 0.76 1.21 0.57 0.48 0.45 0.05 0.01 0.73 0.12 
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 Relative abundance (x10-9) 9C 9HS 
Sample  9C 9HS Mean SE Mean SE 
Inositol, scyllo-_22.86  0.16 0.10 0.06 0.03 0.16 0.08 0.14 0.84 0.50 0.53 0.67 0.03 0.10 0.02 0.45 0.13 
Maltose  0.20 2.95 3.67 2.08 3.63 0.90 0.61 0.90 2.07 1.04 1.87 2.95 2.24 0.59 1.57 0.36 
Monohexadecanoylglycerol 0.92 2.33 2.59 0.53 0.59 0.20 0.25 1.35 1.42 0.68 1.52 4.21 1.19 0.41 1.57 0.57 
Monopalmitoylglycerol 0.22 0.38 0.64 0.11 0.17 0.07 0.11 0.35 0.38 0.29 0.30 0.75 0.27 0.09 0.37 0.09 
Proline  0.36 0.31 0.35 0.31 0.46 0.46 0.59 1.74 1.49 1.42 1.58 0.67 0.38 0.03 1.25 0.20 
Ribitol  0.19 0.19 0.23 0.22 0.21 0.14 0.32 0.93 1.46 0.72 0.52 0.41 0.19 0.01 0.73 0.17 
Ribose  0.22 0.13 0.18 0.12 0.27 0.17 0.60 0.51 0.51 0.53 0.44 0.23 0.18 0.02 0.47 0.05 
Serine  0.26 0.13 0.14 0.07 0.24 0.14 1.03 2.94 3.91 2.10 0.77 0.79 0.16 0.03 1.92 0.53 
Turanose 0.10 0.53 0.67 0.48 0.60 0.19 0.22 0.32 0.54 0.25 0.37 0.75 0.43 0.09 0.41 0.08 
unknown sugar_16.18  0.53 1.12 0.86 0.92 0.80 0.43 0.62 3.38 5.89 2.90 2.80 2.06 0.78 0.11 2.94 0.71 
unknown sugar_16.496  0.16 0.34 0.25 0.30 0.25 0.14 0.18 1.08 1.85 0.90 0.86 0.69 0.24 0.03 0.93 0.22 
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